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The Molecules of Life

e have seen how the concept of emergent proper-
ties applies to water and relatively simple organic
molecules. Each type of small molecule has

unique properties arising from the orderly arrangement of its
atoms. Another level in the hierarchy of biological organization
is reached when small organic molecules are joined inside
cells, forming larger molecules. The four main classes of large
biological molecules are carbohydrates, lipids, proteins, and
nucleic acids. Many of these cellular molecules are, on the mo-
lecular scale, huge. For example, a protein may consist of thou-
sands of covalently connected atoms that form a molecular
colossus with a mass of over 100,000 daltons. Biologists use
the term macromolecule for such giant molecules.
Considering the size and complexity of macromolecules, it
is remarkable that biochemists have determined the detailed
structures of so many of them (Figure 5.1). The architecture of
a macromolecule helps explain how that molecule works.
Lifes large molecules are the main subject of this chapter. For
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A Figure 5.1 Scientists working with computer models of
proteins.

these molecules, as at all levels in the biological hierarchy, formr
and function are inseparable.

Most macromolecules are
polymers, built from monomers

The large molecules in three of the four classes of lifes organic
compounds—carbohydrates, proteins, and nucleic acids—are
chain-like molecules called polymers (from the Greek polys,
marny, and meris, part). A polymer is a long molecule consist-
ing of many similar or identical building blocks linked by co-
valent bonds, much as a train consists of a chain of cars. The
repeating units that serve as the building blocks of a polyrner
are small molecules called monomers. Some of the molecules
that serve as monomers also have other functions of their own.

The Synthesis and Breakdown of Polymers

The classes of polymeric macromolecules differ in the nature of
their monomers, but the chemical mechanisms by which cells
make and break polymers are basically the same in all cases
(Figure 5.2). Monomers are connected by a reaction in which
two molecules are covalently bonded to each other through loss
of a water molecule; this is called a condensation reaction,
specifically a dehydration reaction, because the molecule
lost is water (Figure 5.2a). When a bond forms between two
monoimers, each monomer contributes part of the water mol-
ecule that is lost: One molecule provides a hydroxyl group
(—OH), while the other provides a hydrogen (—H). In mak-
ing a polymer, this reaction is repeated as monomers are
added to the chain one by one. The cell must expend energy
to carry out these dehydration reactions, and the process oc-
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A Figure 5.2 The synthesis and breakdown of polymers.

curs only with the help of enzymes, specialized proteins that
speed up chemical reactions in cells.

Polymers are disassembled to monomers by hydrolysis, a
process that is essentially the reverse of the dehydration reaction
(Figure 5.2b). Hydrolysis means to break with water (from the
Greek hydro, water, and lysis, break). Bonds between monomers
are broken by the addition of water molecules, a hydrogen from
the water attaching to one monomer and a hydroxyl group at-
taching to the adjacent monomer. An example of hydrolysis
working in our bodies is the process of digestion. The bulk of
the organic material in our food is in the form of polymers that
are much too large to enter our cells. Within the digestive tract,
various enzymes attack the polymers, speeding up hydrolysis.
The released monomers are then absorbed into the bloodstream
for distribution to all body cells. Those cells can then use dehy-
dration reactions to assemble the monomers into new polymers
that differ from the ones that were digested. The new polymers
perform specific functions required by the cell.

The Diversity of Polymers

Each cell has thousands of different kinds of macromolecules;
the collection varies from one type of cell to another even in
the same organism. The inherent differences between human

siblings reflect variations in polymers, particularly DNA and
proteins. Molecular differences between unrelated individuals
are more extensive and between species greater still. The di-
versity of macromolecules in the living world is vast, and the
possible variety is effectively limitless.

What is the basis for such diversity in lifes polymers? These
molecules are constructed from only 40 to 30 common
monomers and some others that occur rarely. Building an enor-
mous variety of polymers from sucha limited list of monomers
is analogous to constructing hundreds of thousands of words
{rom only 26 letters of the alphabet. The key is arrangement—
variation in the linear sequence that the units follow. However,
this analogy falls far short of describing the great diversity of
macromolecules, because most biological polymers are much
longer than the longest word. Proteins, for example, are built
from 20 kinds of amino acids arranged in chains that are typi-
cally hundreds ol amino acids long. The molecular logic of life
is simple but elegant: Small molecules common to all organisms
are ordered into unique macromolecules.

We are now ready to investigate the specific structures and
functions of the four major classes of organic compounds
found in cells. For each class, we will see that the large mole-
cules have emergent properties not found in their individual
building blocks.

cept Check

1. What are the four main n classes of lalge bxologmal
molecules?

2. How many molecules of water are needed to com-

~ 7 pletely hydrolyze a polyrner that is 10 monomers

long?

3. Afteryou eat a shce of apple which reactions must

~.-occur for the amino acid moniomers in the protein of.
the apple to be converted mto proteins in your body?

‘ For suggested answers see Appenduc A.

[ Concept ~ |

Carbohydrates serve as fuel
and building material

Carbohydrates include both sugars and the polymers of sug-
ars. The simplest carbohydrates are the monosaccharides, or
single sugars, dlso known as simple sugars. Disaccharides are
double sugars, consisting of two monosaccharides joined by a
condensation reaction. The carbohydrates that are macro-
molecules are polysaccharides, polymers composed of many
sugar building blocks.
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Sugars
Monosaccharides (from the Greek monos, single, and saccha,
sugar) generally have molecular formulas that are some multiple
‘of the unit CH,O (Figure 5.3). Glucose (C¢H,,04), the most
commion monosaccharide, is of central importance in the chem-
istry of life. In the structure of glucose, we can see the trade-
marks of a sugar: The molecule has a carbonyl group (SC=0)
and multiple hydroxyl groups (—OH). Depending on the lo-
cation of the carbonyl group, a sugar is either an aldose (alde-
hyde sugar) or a ketose (ketone sugar). Glucose, for example, is
an aldose; fructose, a structural isomer of glucose, is a ketose.
(Most names for sugars end in -ose.) Another criterion for classi-
fying sugars is the size of the carbon skeleton, which ranges from
three to seven carbons long. Glucose, fructose, and other sugars
that have six carbons are called hexoses. Trioses (three-carbon
sugars) and pentoses (five-carbon sugars) are also common.
Still another source of diversity for simple sugars is in the
spatial arrangement of their parts around asymmetric carbons.
(Recall from Chapter 4 that an asymmetric carbon is a carbon
attached to four different kinds of partners.) Glucose and galac-
tose, for example, differ only in the placement of parts around
one asymmetric carbon (see the purple boxes in Figure 5.3).
What seems like a small difference is significant enough to give
the two sugars distinctive shapes and behaviors.

Triose sugars
(C3H405)

» Figure 5.3 The structure and
classification of some monosaccharides.
Sugars may be aldoses (aldehyde sugars, top
row) or ketoses (ketone sugars, bottom row),
depending on the location of the carbonyl group
(dark orange). Sugars are also classified
according to the length of their carbon
skeletons. A third point of variation is the spatial
arrangement around asymmetric carbons
(compare, for example, the purple portions of-
glucose and galactose).
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Although it is convenient to draw glucose with a linear
carbon skeleton, this representation is not completely accu-
rate. In aqueous solutions, glucose molecules, as well as most
other sugars, form rings (Figure 5.4).

Monosaccharides, particularly glucose, are major nutrients
for cells. In the process known as cellular respiration, cells
extract the energy stored in glucose molecules. Not only are
simple sugar molecules a major fuel for cellular work, but
their carbon skeletons serve as raw material for the synthesis
of other types of small organic molecules, such as amino acids
and fatty acids. Sugar molecules that are not immediately used
in these ways are generally incorporated as monomers into
disaccharides or polysaccharides.

. A disaccharide consists of two monosaccharides joined by
a glycosidic linkage, a covalent bond formed between two
monosaccharides by a dehydration reaction. For example,
maltose is a disaccharide formed by the linking of two mole-
cules of glucose (Figure 5.5a). Also known as malt sugar, malt-
ose is an ingredient used in brewing beer. The most prevalent
disaccharide is sucrose, which is table sugar. Its two monomers
are glucose and fructose (Figure 5.5b). Plants generally trans-
port carbohydrates from leaves to roots and other nonphoto-
synthetic organs in the form of sucrose. Lactose, the sugar
present in milk, is another disaccharide, in this case a glucose
molecule joined to a galactose molecule.

Pentose sugars
(CsHqg05)

Hexose sugars
(GeH1,05)
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A Figure 5.5 Examples of disaccharide synthesis.

Polysaccharides

Polysaccharides are macromolecules, polymers with a few
hundred to a few thousand monosaccharides joined by glyco-
sidic linkages. Some polysaccharides serve as storage material,
hydrolyzed as needed to provide sugar for cells. Other poly-
saccharides serve as building material for structures that
protect the cell or the whole organism. The architecture and
function of a polysaccharide are determined by its sugar mono-
mers and by the positions of its glycosidic linkages.

Storage Polysaccharides

Starch, a storage polysaccharide of plants, is a polymer consist-
ing entirely of glucose monomers. Most of these monomers are

joined by 1-4 linkages (number 1 carbon to number 4 carbon),
like the glucose units in maltose (see Figure 5.5a). The angle of
these bonds makes the polymer helical. The simplest form of
starch, amylose, is unbranched. Amylopectin, a more complex
form of starch, is a branched polymer with 1-6 linkages at the
branch points.

Plants store starch as granules within cellular structures called
plastids, which include chloroplasts (Figure 5.6a). Synthesizing
starch enables the plant to stockpile surplus glucose. Because
glucose is a major cellular fuel, starch represents stored en-
ergy. The sugar can later be withdrawn from this carbohydrate
“bank” by hydrolysis, which breaks the bonds between the
glucose monomers. Most animals, including humans, also
have enzymes that can hydrolyze plant starch, making glucose
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{The’micrograph shows part;

A Figure 5.6 Storage polysaccharides of plants and animals. These examples, starch
and glycogen, are composed entirely of glucose monomers, represented here by hexagons. Due to

their molecular structure, the polymer chains tend to form helices.

available as a nutrient for cells. Potato tubers and grains—the
fruits of wheat, corn, rice, and other grasses—are the major
sources of starch in the human diet.

Animals store a polysaccharide called glycogen, a polymer
of glucose that is like amylopectin but more extensively
branched (Figure 5.6b). Humans and other vertebrates store
glycogen mainly in liver and muscle cells. Hydrolysis of glyco-
gen in these cells releases glucose when the demand for sugar
increases. This stored fuel cannot sustain an animal for long,
however. In humans, for example, glycogen stores are de-
pleted in about a day unless they are replenished by con-
sumption of food.

Structural Polysaccharides

Organisms build strong materials from structural polysaccha-
rides. For example, the polysaccharide called cellulose is a
major component of the tough walls that enclose plant cells.
On a global scale, plants produce almost 10! (100 billion)
tons of cellulose per year; it is the most abundant organic
compound on Earth. Like starch, cellulose is a polymer of

72 unNIT oNE  The Chemistry of Life

glucose, but the glycosidic linkages in these two polymers
fer. The difference is based on the fact that there are actt
two slightly different ring structures for glucose (Figure 5.
When glucose forms a ring, the hydroxyl group attache
the number 1 carbon is positioned either below or above
plane of the ring. These two ring forms for glucose are c
alpha () and beta (), respectively. In starch, all the glu
monomers are in the o conﬁguration (Figure 5.7b),
arrangement we saw in Figures 5.4 and 5.5. In contrast
glucose monomers of cellulose are all in the B configura

making every other glucose monomer upside down witl

spect to its neighbors (Figure 5.7¢).

The differing glycosidic linkages in starch and cellulose
the two molecules distinct three-dimensional shapes. Wh
a starch molecule is mostly helical, a cellulose molecu
straight (and never branched), and its hydroxyl group:
free to hydrogen-bond with the hydroxyls of other cellt
molecules lying parallel to it. In plant cell walls, parallel ¢
lose molecules held together in this way are grouped into-
called microfibrils (Figure 5.8). These cable-like microf




About 80 cellulose
L e molecules associate
Cellulose microfibrils to form a microfibril, the
Microfibril main architectural unit
of the plant cell wail.
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Plant cells

Celiulose
molecules

Paralle! cellulose molecules are
held together by hydrogen
bonds between hydroxy!
groups attached to carbon
atoms 3 and 6.

A cellulose molecule
is an unbranched p
glucose polymer.

B Glucose
monomer

A Figure 5.8 The arrangement of cellulose in plant cell walls.
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A Figure 5.9 Cellulose-digesting bacteria are found in
grazing animals such as this cow.

are a strong building material for plants as well as for humans,
who use wood, which is rich in cellulose, for lumber.
Enzymes that digest starch by hydrolyzing its o linkages are
unable to hydrolyze the B linkages of cellulose because of the
distinctly different shapes of these two molecules. In fact, few
organisms possess enzymes that can digest cellulose. Humans
do not; the cellulose in our food passes through the digestive
tract and is eliminated with the feces. Along the way, the cellu-
lose abrades the wall of the digestive tract and stimulates the
lining to secrete mucus, which aids in the smooth passage of
food through the tract. Thus, although cellulose is not a nutri-
ent for humans, it is an important part of a healthful diet. Most
fresh [ruits, vegetables, and whole grains are rich in cellulose.
On food packages, “insoluble fiber” refers mainly to cellulose.
Some microbes can digest cellulose, breaking it down to glu-
cose monomers. A cow harbors cellulose-digesting bacteria in
the rumen, the first compartment in its stomach (Figure 5.9).
The bacteria hydrolyze the cellulose of hay and grass and con-
vert the glucose to other nutrients that nourish the cow. Simi-

{a) The structure of the chitin monomer.

A Figure 5.10 Chitin, a structural polysaccharide.
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{b) Chitin forms the exoskeleton of arthropods.
This cicada is moiting, shedding its old
exoskeleton and emerging in adult form.

larly, a termite, which is unable to digest cellulose by itself, has
microbes living in its gut that can make a meal of wood. Some
fungi can also digest cellulose, thereby helping recycle chem-
ical elements within Earths ecosystems.

Another important structural polysaccharide is chitin, the
carbohydrate used by arthropods (insects, spiders, crustaceans,
and related animals) to build their exoskeletons (Figure 5.10).
An exoskeleton is a hard case that surrounds the soft parts of an
animal. Pure chitin is leathery, but it becomes hardened when
encrusted with calcium carbonate, a salt. Chitin is also found
in many fungi, which use this polysaccharide rather than
cellulose as the building material for their cell walls. Chitin is
similar to cellulose, except that the glucose monomer of chitin
has a nitrogen-containing appendage (see Figure 5.10a).

Concept Check .

Y. Write the forrhula for 2 monosaccharide that has

three carbons.

2. A dehydration reaction joins two glucose molecules
to form maltose. The formula for glucose is
CgHi20¢. What is the formula for maltose?

3. Compare and contrast starch and cellulose.

For suggested answers, see Appendix A.

Lipids are a diverse group
of hydrophobic molecules
Lipids are the one class of large biological molecules that doe

not consist of polymers. The compounds called lipids at
grouped together because they share one important trai

(c) Chitin is used to make a strong and flexib
surgical thread that decomposes after the
wound or incision heals.




beh;mor of lipids is based on their molecular structure. Al-
though they may have some polar bonds associated with oxy-
_gen, lipids constst mostly of hydrocarbons. Smaller than true
(polymetic) macromolecules, lipids are a highly varied group
in both form and function. Lipids include waxes and certain
pigments, but we will focus on the most biologically impor-
tant types of lipids: fats, phospholipids, and steroids.

Fats

Although fats are not polymners, they are large molecules, and
they are assembled from smaller molecules by dehydration
reactions. A fatis constructed from two kinds of smaller mole-
cules: glycerol and fatty acids (Figure 5.11a). Glycerol is an
alcohol with three carbons, each bearing a hydroxyl group. A
fatty acid has a long carbon skeleton, usually 16 or 18 carbon
atoms in length. At one end ol the fatty acid is a carboxyl group,
the functional group that gives these molecules the name [atty
acid. Attached to the carboxyl group is a long hydrocarbon
chain. The nonpolar C—H bonds in the hydrocarbon chains of
fatty acids are the reason fais are hydrophobic. Fats separate
from water because the water molecules hydrogen-bond to one

" B A HoooH H H W
I VO\V,H|'H|H]H"H»]‘H,|‘H1H
HemC— ) ‘Cj\é/cl\c‘/cl\é/cl\}/CI\C‘/CI\_é/CI\C'/C“\C'/H
l \w»lHIHIHIHLH,IHIHM
H H HoeR R He o oH Moo
W tmon N\ e R T
\ @ Fatty acid
H —C|—OH (palmitic acid)
H
Glycerol

(a) Dehydration reaction in the synthesis of a fat

Ester linkage

(b) Fat molecule (triacylglycerol)

A Figure 5.11 The synthesis and structure of a fat, or
triacylglycerol. The molecular building blocks of a fat are one
molecule of glycerol and three molecules of fatty acids. (a) One water
molecute is removed for each fatty acid joined to the glycerol. (b) A fat
molecule with three identical fatty acid units. The carbons of the fatty
acids are arranged zig-zag to suggest the actual orientations of the
four single bonds extending from each carbon (see Figure 4.3a).

nomenon is the separation of vegelanie o1l \a Uquia @y irui
the aqueous vinegar solution in a bottle of salad dressing.

In making a fat, three fatty acid molecules each join to alyc-
erol by an ester linkage, a bond between a hydroxyl group and
a carboxyl group. The resulting fat, also called a triacylglycerol,
thus consists of three fatty acids linked to one glycerol mole-
cule. (Still another name for a fat is triglyceride, a word often
found in the list of ingredients on packaged foods.) The fatty
acids in a fat can be the same, as in Figure 5.11b, or they can
be of two or three different kinds.

Fatty acids vary in lengthand in the number and locations of
double bonds. The terms saturated fats and unsaturated fats are
commonly used in the context of nutrition (Figure 5.12). These
terms refer to the structure of the hydrocarbon chains of the
fauty acids. If there are no double bonds between carbon atomns
composing the chain, then as many hydrogen atorns as possible
are bonded to the carbon skeleton. Such a structure is described
as being saturated with hydrogen, so the resulting fatty acid is
called a saturated fatty acid (Figure 5.12a). An unsaturated

(a) S?fu}éfed fat and fatty acid. At room te
moleciles of a saturated fat such as his b

ogether; forming-a solid.”.

A Figure 5.12 Examples of saturated and unsaturated fats
and fatty acids.
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fatty acid has one or more double bonds, formed by the re-
moval of hydrogen atoms from the carbon skeleton. The faury
acid will have a kink in its hydrocarbon chain wherever a cis
double bond occurs (Figure 5.12b).

A fat made from saturated fatty acids is called a saturated
fat. Most animal fats are saturated: The hydrocarbon chains of
their fatty acids—the “tails” of the fat molecules—Ilack double
bonds, and the molecules can pack tightly, side by side. Satu-
rated animal fats—such as lard and butter—are solid at room
temperature. [n contrast, the fats of plants and fishes are gen-
erally unsaturated, meaning that they are built of one or more
types of unsaturated fatty acids. Usually liquid at room tem-
perature, plant and fish fats are referred to as oils—olive oil
and cod liver oil are examples. The kinks where the cis double
bonds are located prevent the molecules from packing to-
gether closely enough to solidify at room temperature. The
phrase “hydrogenated vegetable oils” on food labels means
that unsaturated fats have been synthetically converted to sat-
urated fats by adding hydrogen. Peanut butter, margarine, and
many other products are hydrogenated to prevent lipids from
separating out in liquid (oil) form.

A diet rich in saturated fats is one of several factors that
may contribute to the cardiovascular disease knownas athero-
sclerosis. In this condition, deposits called plaques develop
within the walls of blood vessels, causing inward bulges that
impede blood flow and recwuce the resilience of the vessels.
Recent studies have shown that the process of hydrogenating
vegetable oils produces not only saturated fats but also unsat-

Fatty acids

{b) Space-filling model

" UNIT oK
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arated fats with trans double bonds. These trans tat molecules
may contribute more than saturated fats to atherosclerosis (see
Chapter 42) and other problems.

Fat has come to have such a negative connotation in our
culture that you might wonder whether fats serve any useful
purpose. The major function of [ats is energy storage. The hy-
drocarbon chains of fats are similar to gasoline molecules and
just as rich in energy. A gram of fat stores more than twice as
much energy asa gram of a polysaccharide, such as starch. Be-
cause plants are relatively immobile, they can function with
bulky energy storage in the form of starch. (Vegetable oils are
generally obtained from seeds, where more compact storage is
an asset (o the plant.) Animals, however, must carry their en-
ergy stores with them, so there is an advantage to having a
more compact reservoir of fuel—fat. Humans and other mam-
mals stock their long-term food reserves in adipose cells (see
Figure 4.6b), which swell and shrink as fat is deposited and
withdrawn from storage. In addition to storing energy, adipose
tissue also cushions such vital organs as the kidneys, and a
layer of fat beneath the skin insulates the body. This subcuta-
neous layer is especially thick in whales, seals, and most other
marine mammals, protecting them from cold ocean water.

Phospholipids

A phospholipid, as shown in Figure 5.13,is simnilar to a fat, but
has only two fatty acids attached to glycerol rather than three.
The third hydroxyl group of glycerol is joined to a phosphate

« Figure 5.13 The structure of a phospholipid.
A phospholipid has a hydrophilic {pofar) head and two
hydrophobic {nonpolar) tails. Phospholipid diversity is
based on differences in the two fatty acids and in the
groups attached to the phosphate group oj the head.
This particular phospholipid, called a phosphatidylcholine,
has an attached choline group. The kink in one of its
tails is due to a cis double bond. (a) The structural
formula follows a common chemical convention of
omitting the carbons and attached hydrogens of the
hydrocarbon tails. (b) In the space-filing model,

black = carbon, gray = hydrogen, red = oxygen,
yellow = phosphorus, and blue = nitrogen. {c) This
symbol for a phospholipid will appear throughout

the book.

Hydrophilic
head

Hydrophobic
tails

(<) Phospholipid symbol
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A Figure 5.14 Bilayer structure formed by self-assembly of

phospholipids in an aqueous environment. The phospholipid
bilayer shown here is the main fabric of biological membranes. Note
that the hydrophilic heads of the phosphalipids are in contact with
water in this structure, whereas the hydrophobic tails are in contact
with each other and remote from water.

group, which has a negative electrical charge. Additional small
molecules, usually charged or polar, can be linked to the phos-
phate group to form a variety of phospholipids.

Phospholipids show ambivalent behavior toward water.
Their hydrocarbon tails are hydrophobic and are excluded
from water. However, the phosphate group and its attach-
ments form a hydrophilic head that has an affinity for water.
When phospholipids are added to water, they self-assemble
into double-layered aggregates—bilayers-—that shield their
hydrophobic portions from water (Figure 5.14).

At the surface of a cell, phospholipids are arranged in a sim-
ilar bilayer. The hydrophilic heads of the molecules are on the
outside of the bilayer, in contact with the aqueous solutions in-
side and outside the cell. The hydrophobic tails point toward
the interior of the bilayer, away from the water. The phospho-
lipid bilayer forms a boundary between the cell and its exter-
nal environment; in fact, phospholipids are major components
of all cell membranes. This behavior provides another example
of how form fits function at the molecular level.

Steroids

Steroids are lipids characterized by a carbon skeleton con-
sisting of four fused rings (Figure 5.15). Different steroids
vary in the functional groups attached to this ensemble of
rings. One steroid, cholesterol, is a common component of
animal cell membranes and is also the precursor from
which other steroids are synthesized. Many hormones, in-
cluding vertebrate sex hormones, are steroids produced
from cholesterol (see Figure 4.9). Thus, cholesterol is a cru-
cial molecule in animals, although a high level of it in the
blood may contribute to atherosclerosis. Both saturated fats

A Figure 5.15 Cholesterol, a steroid. Cholesterol is the
molecule from which other stercids, including the sex hormones, are

synthesized. Steroids vary in the functional groups attached to their
four interconnected rings (shown in gold).

and trans fats exert their negative impact on health by af-
fecting cholesterol levels.

‘Concept Check

1. Compare the structure of a fat (triglyceride) with
that of a phospholipid.

2. How do saturated fats differ from unsaturated fats,
both in structure and in behavior?

3. Why are human sex hormones considered to be
lipids?

For suggested answers, see Appendix A.

| Concept |

Proteins have many structures,
resulting in a wide range of
functions

The importance of proteins is implied by their name, which
comes from the Greek word proteios, meaning “first place.”
Proteins account for more than 50% of the dry mass of most
cells, and they are instrumental in almost everything organ-
ists do. Some proteins speed up chemical reactions, while
others play a role in structural support, storage, transport,
cellular communications, movement, and defense against for-
eign substances (Table 5.1, on the next page).

The most important type of protein may be enzymes. Enzy-
matic proteins regulate metabolism by acting as catalysts,
chemical agents that selectively speed up chemical reactions in
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‘l’able 5.1 An Overview of Protein Functions

Type of Protein Function

Enzymatic proteins Selective acceleration of
chemical reactions

Structural proteins Support

Insects and spiders use sil

Examples

Digestive enzymes catalyze the

lagen and elastin provide a fibro
the protein of hair, horns, feathe

Storage proteins Storage of amino acids

Transport proteins Transport of other

substances

Ovalbumin is the
oping embryo. Ca

Hemoglobin, the iron-containin
from the lungs 10 other parts of

cell membranes,

Hormonal proteins Coordination of an

organism’ activities
Receptor proteins Response of cell 1o
chemical stimuli
Contractile and
motor proteins

Movement

Defensive proteins Protection against disease

* Actin and myosin are responsible for the movement of m
are responsible-for the undulations of the organelles ca

Antibodies combar bacteria and viruses,

hydrolysis of the polymers in food.

k Abers to make their cocoons and webs, respectively. Col-

us framework in animal connective tissues. Keratin is
15, and other skin appendages.

protein of egg white, used as an amino acid source for the devel-

sein, the protein of milk, is the major source of amino acids for
baby mammals. Plants have storage proteins in their seeds,

g protein of vertebrate blood, transports oxygen
the body. Other proteins transport molecyles across

Insulin, a homone secrered by the pancreas, helps regulate the concentration
of sugar in the blood of vertebrates,

Receptors built into the mem

brane of a nerve cell degect chemical signals
released by other nerve cells.

uscles. Other proteins
lled cilia and flagella.

the cell withour being consumed by the reaction (Figure 5.16).
Because an enzyme can perform its function over and over
again, these molecules can be thought of as workhorses that
keep cells running by carrying out the processes of life,

A human has tens of thousands of different proteins, each
with a specific structure and function; proteins, in fact, are the
most structurally sophisticated molecules known. Consistent
with their diverse functions, they vary extensively in struc-

ture, each type of protein having a unique three-dimensional
shape, or conformation.

Polypeptides

Diverse as proteins are, they are all polymers constructed from
the same set of 20 amino acids, Polymers of amino acids are
called polypeptides. A protein consists of one or more
polypeptides folded and coiled into specific conformations.

Amino Acid Monomers

Amino acids are Organic molecules
possessing both carboxyl and amino
Broups (see Chapter 4). The illustra-
tion at the right shows the general for-
mula for an amino acid. At the center
of the amino acid is an asymmetric
carbon atom called the alpha (@) car-

The R group, also called the side chain, differs with each amino
acid. Figure 5.17 shows the 20 amino acids that cells use to
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O Active site is available for

a molecule of

reactant on which the enzymse

substrate, the ) substrate binds to

€ Substrate i converted
to products,

A Figure 5.16 The catalytic cycle of an enzyme. The enzyme

sucrase accelerates
Acting as a catalyst,
cydle, but is avaijabi

hydrolysis of sucrose into glucose and fructose,
the sucrase protein js not consumed during the
e for further catalysis




H o o

- | - 7
,HiNf—cI—‘c/

AN
o

N .
o

Tt e A —n—
_ ool

>

o

O

. Methionine (Met) =

L Phén)}lalahine (Phé)

5 ‘! CH, -

B Tr‘yb;‘ovphan‘ mip) wl

o

A Figure 5.17 The 20 amino acids of
proteins. The amino acids are grouped here
according to the properties of their side chains
(R groups), highlighted in white. The amino

acids are shown in their prevailing ionic forms
at pH 7.2, the pH within a cell. The three-letter
abbreviations for the amino acids are in

parentheses. All the amino acids used
in proteins are the same enantiomer, called the
L form, as shown here (see Figure 4.7).
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build their thousands of proteins. Here the amino and car-
boxyl groups are all depicted in ionized form, the way they
‘usually exist at the pH in a cell. The R group may be as simple
as a hydrogen atom, as in the amino acid glycine (the one
amino acid lacking an asymmetric carbon, since two of its o
carbon’s partners are hydrogen atoms), or it may be a carbon
skeleton with various functional groups attached, as in gluta-
mine. (Organisms do have other amino acids, some of which
are occasionally found in proteins. Because these are relatively
rare, they are not shown in Figure 5.17.)

The physical and chemical properties of the side chain de-
termine the unique characteristics of a particular amino acid.
In Figure 5.17, the amino acids are grouped according to the
properties of their side chains. One group corsists of amino
acids with nonpolar side chains, which are hydrophobic. An-
other group consists of amino acids with polar side chains,
which are hydrophilic. Acidic amino acids are those with
side chains that are generally negative in charge owing to the
presence of a carboxyl group, which is usually dissociated
(fonized) at cellular PH. Basic amino acids have amino groups
in their side chains that are generally positive in charge.
(Notice that all amino acids have carboxyl groups and amino
groups; the terms acidic and basic in this context refer only 1o
groups on the side chains.) Because they are charged, acidic
and basic side chains are also hydrophilic.

Amino Acid Polymers

Now that we have examined amino acids, lets see how they
are linked to form polymers (Figure 5.18). When two amino
acids are positioned so that the carboxyl group of one is adja-
cent to the amino group of the other, an enzyme can cause
them to join by catalyzing a dehydration reaction, with the
removal of a water molecule. The resulting covalent bond is
called a peptide bond. Repeated over and over, this process
yields a polypeptide, a polymer of many amino acids linked
by peptide bonds. At one end of the polypeptide chain is a
free amino group; at the opposite end is a free carboxyl group.
Thus, the chain has an amino end (N-terminus) and a car-
boxyl end (C-terminus). The repeating sequence of atoms
highlighted in purple in Figure 5.18b is called the polypeptide
backbone. Attached to this backbone are different kinds of
appendages, the side chains of the amino acids. Polypeptides
range in length from a few monomers to a thousand or more,
Each specific polypeptide has a unique linear sequence of
amino acids. The immense variety of polypeptides in narure
illustrates an important concept introduced earlier—that cells
can make mmany different polymers by linking a limited set of
monomers into diverse sequernces.

Determining the Amino Acid Sequence of a Polybeptide

The pioneer in determining the amino acid sequence of
proteins was Frederick Sanger, who, with his colleagues at
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A Figure5.18 Making a polypeptide chain. (a) Peptide bonds
formed by dehydration reactions fink the carboxyl group of one amino
acid to the amino group of the next. (b) The peptide bonds are
formed one at a time, starting with the amino acid at the amino end
(N-terminus). The polypeptide has a repetitive backbone (purple) to
which the amino adid side chains are attached.
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Cambridge University in England, worked on the hormone
insulin in the'late 1940s and early 1950s. His approach was to
use protein-digesting enzymes and other catalysts that break
polypeptides at specific places rather than completely hydrolyz-
ing the chains to amino acids. Trearment with one of these
agents cleaves a polypeptide into fragments (each consisting
of multiple amino acid subunits) that can be separated by a
technique called chromatography. Hydrolysis with a different
agent breaks the polypeptide at different sites, ylelding a sec-
ond group of fragments. Sanger used chemical methods to de-
termine the sequence of amino acids in these small fragments.
Then he searched for overlapping regions among the pieces
obtained by hydrolyzing with the different agents. Consider,
for instance, two fragments with the following sequences:
Cys-Ser-Leu-Tyr-Gln-Leu
Tr-Gln-Leu-Glu-Asn

We can deduce from the overlapping regions that the intact
polypeptide contains in its primary structure the following
segment:

Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn




Just as we could reconstruct this sentence from a collection
of fragments with overlapping sequences of letters, Sanger
and his co-workers were able, after years of effort, to recon-
s:ruct the complete primary structure of insulin. Since then,
most of the steps involved in sequencing & polypeptide have
been automated.

Protein Conformation and Function

Once we have learned the amino acid sequence of a polypep-
tide, what can it tell us about protein conformation and func-
tion? The term polypeptide is not quite synonymous with the
term protein. Even for a protein consisting of a singte polypep-
tide, the relationship is somewhat analogous to that between a
long strand of yarn and a sweater of particular size and shape
that one can knit from the yarn. A functional protein is not just
a polypeptide chain, but one or more polypeptides precisely
wwisted, folded, and coiled into a molecule of unique shape
(Figure 5.19). It is the amino acid sequence of a polypeptide
that determines what three-dimensional conformation the
protein will take.

When a cell synthesizes a polypeptide, the chain generally
folds spontaneously, assuming the functional conformation
for that protein. This folding is driven and reinforced by the
formation of a variety of bonds between parts of the chain,
which in turn depends on the sequence of amino acids. Many
proteins are globular (roughly spherical), while others are
fibrous in shape. Even within these broad categories, count-
less variations are possible.

(a) A ribbon model shows how the single polypeptide chain folds and
coils to form the functional protein. (The yellow lines represent one
type of chemical bond that stabilizes the protein’s shape.)

A protein’s specific conformation determines how it works.
In almost every case, the function of a protein depends on its
ability to recognize and bind 1o some other molecule. For
instance, an antibody (a protein) binds to a particular foreign
substance that has invaded the body, and an enzyme (another
type of protein) recognizes and binds to its substrate, the sub-
stance the enzyme works on. In Chapter 2, you learned that
natural signal molecules called endorphins bind to specific
receptor proteins on the surface of brain cells in humans, pro-
ducing euphoria and relieving pain. Morphine, heroin, and
other opiate drugs are able to mimic endorphins because they
all share a similar shape with endorphins and can thus fit into
and bind to endorphin receptors in the brain. This fit is very
specific, something like a lock and key (see Figure 2.17). Thus,
the function of a protein—for instance, the ability of a receptor
protein to identify and associate with a particular pain-relieving
signal molecule—is an emergent property resulting from exqui-
site molecular order.

Four Levels of Protein Structure

In the complex architecture of a protein, we can recognize
three superimposed levels of structure, known as primary,
secondary, and tertiary structure. A fourth level, quaternary
structure, arises when a protein consists of two or more
polypeptide chains. Figure 5.20, on the following two pages,
describes these four levels of protein structure. Be sure to
study this figure thoroughly before going on to the next
section.

(b) A space-filling model shows more clearly the globular shape
seen in many proteins, as well as the specific conformation
unique to lysozyme.

A Figure 5.19 Conformation of a protein, the enzyme lysozyme. Present in our
sweat, tears, and saliva, lysozyme is an enzyme that helps prevent infection by binding to and
destroying specific molecules on the surface of many kinds of bacteria. The groove is the part
of the protein that recognizes and binds to the target molecules on bacterial walls.
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Figure 5.20
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The primary struc[ur‘e‘ofa'prdtein is its'unique sequence of amino
acids. As an example; lets consider transthyretin, a globular protein
found in the blood that transports vitamin A and a particular thyroid
hormone throughout the body: Fach'of the {our identical polypep-
tide chains that, together, make up transthyretin is composed of 127
amino acids. Shown here is one of these ‘chai‘ns,urirave[ed fora closer
look at its primary structure. A’specific one of the 20 amino acids,
indicated here by its three letter abbreviation, occupies each of the
127 positions along the chain. The primary structure is like the order
of letters in a very long word. If left to chance, there would be 20
different ways of making a polypepudc chain 127 amino acids long.
However, the precise’ primary. structure of a protein is determined
not by the random’ hnkmg of amino acids, but by inherited genetic
information.

125 Carboxyl end
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Amino acid
subunits

SECONDARY STRUCTURE

Most proteins have segrnents of their polypeptide chains repeatedly
coiled or [olded in patterns that contribute to the protein’s overall con-
formation. These coils and folds, collectively referred 1o as secondary
structure, are the result of hydrogen bonds between the repeating
constituents of the polypeptide backbone (not the amino acid side
chains). Both the oxygen and the nitrogen atoms of the backbone are
electronegative, with partial negative charges (see Figure 2.15). The
weakly positive hydrogen atom attached to the nitrogen atom has an
affinity for the oxygen atom of a nearby peptide bond. Individually,
these hydrogen bonds are weak, but because they are repeated many
times over a relatively long region of the polypeptide chain, they can
support a particular shape for that part of the protein.

One such secondary structure is the o helix, a delicate coil held
together by hydrogen bonding between every fourth amino acid,
shown above for transthyretin. Although transthyretin has only one ot
helix region (see tertiary structure), other globular proteins have mul-
tiple stretches of o helix separated by nonhelical regions. Sormne fibrous
proteins, such as a-keratin, the structural protein of hair, have the o
helix formation over most of their length.

The other main type of secondary structure is the 3 pleated sheet.
As shown above, in this structure two or more regions of the polypep-
tide chain lying side by side are connected by hydrogen bonds between
parts of the two parallel polypeptide backbones. Pleated sheets malke

up the core of many globular proteins, as is the case for transthyretin,

and dominate some fibrous proteins, including the silk protein of a
spider’s web. The teamwork of so many hydrogen bonds makes each
spider silk fiber stronger than a steel strand of the same weight.

Abdominal glands of the
spider secrete silk fibers
that form the web.

The radiating strands, made
of dry silk fibers, maintain
the shape of the web.

The spiral strands (capture
strands) are elastic, stretching
in response to wind, rain,
and the touch of insects.

Spider silk: a structural protein
containing B pleated sheets




HO-—(C bond

Superimposed on the patterns of secondary structure is a protein’s
tertiary structure, shown above for the transthyretin polypeptide.
Rather than involving interactions between backbone constituents,
tertiary structure is the overall shape of a polypeptide resulting from
interactions between the side chains (R groups) of the various amino
acids. One type of interaction that contributes to lertiary structure
is—somewhat misteadingly—called a hydrophobic interaction. As
a polypeptide folds into its functional conformation, amino acids
with hydrophobic
(nonpolar) side
chains usually
end up in clus-
ters at the core
Polypeptide of the protein,
backbone out of contact
with water. Thus,
what we call a hydropho-
bic interaction is actually
caused by the action of
water molecules, which
exclude nonpolar sub-
stances as they form
hydrogen bonds with each
other and with hydrophilic
parts of the protein. Once non-
polar amino acid side chains are
close together, van der Waals interactions help hold them together.
Meanwhile, hydrogen bonds between polar side chains and ionic
bonds between positively and negatively charged side chains also
help stabilize tertiary structure. These are all weak interactions, but
their cumulative effect helps give the protein a unique shape.

The conformation of a protein may be reinforced further by cova-
lent bonds called disulfide bridges. Disulfide bridges form where
two cysteine monomers, amino acids with sulthydryl groups (—SH)
on their side chains, are brought close together by the folding of the
protein. The sulfur of one cysteine bonds to the sulfur of the second,
and the disulfide bridge (—S—S5—) rivets pazts of the protein together
(see yellow lines in Figure 5.19a). All of these different kinds of
bonds can occur in one protein, as shown above in a small part of a
hypothetical protein.

Hydrophobic
interactions and
van der Waals
interactions

?' Hydrogzénm'

| :
CH, —5—-5—CH,

Disuifide bridge
0

lonic bond

 QUATERNARY

Some proteins consist of two or more polypeptide chains aggregated
into one functional macromolecule. Quaternary structure is the over-
all protein structure that results from the aggregation of these polypep-
tide subunits. For example, shown above is the

complete, globular transthyretin protein, made up of

its four polypeptides. Another example is collagen, Polypeptide
shown on the right, which is a fibrous protein that chain

has helical subunits intertwined into a larger triple
helix, giving the long fibers great strength. This suits
collagen fibers to their function as the girders of con-
nective tissue in skin, bone, tendons, ligaments, and
other body parts (collagen accounts for 40% of
the protein in a human body). Hemoglobin, the
oxygen-binding protein of red bloed cells shown
below, is another example of a globular protein
with quaternary structure. It consists of four poly-
peptide subunits, two of one kind (« chains) and
two of another kind (8 chains). Both « and B sub-
units consist primarily of a-helical secondary struc-
ture. FEach™ subunit has a nonpolypeptide
component, called heme, with an iron atom that

A 5

binds oxygen. Collagen

8 Chains

o Chains
Hemoglobin
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Sickle-Cell Disease: A Simple Change in What Determines Protein Conformation?
Primary Structure You've learned that a unique shape endows each protein wit -
Even a slight change in primary structure can affect a protein’s a specific function. But what are the key factors determining &
conformation and ability to function. For instance, the substi- protein conformation? You already know most of the answer:
' tution of one amino acid (valine) for the normal one {glutamic A polypeptide chain of a given amino acid sequence can |
;; acid) at a particular position in the primary structure of he- spontaneously arrange itsell into a three-dimensional Shape.
{ moglobin, the protein that carries oxygen in red blood cells, determined and maintained by the interactions responsihle
i can cause sickle-cell disease, an inherited blood disorder. Nor- for secondary and tertiary structure. This folding normally
i mal red blood cells are disk-shaped, but in sickle-cell disease, oceurs as the protein is being synthesized within the cell
the abnormal hemoglobin molecules tend to crystallize, de- However, protein conformation also depends on the physical
forming some of the cells into a sickle shape (Figure 5.21). The and chemical conditions of the protein’s environment. If the
: life of someone with the disease is punctuated by “sickle-cell pH, salt concentration, temperature, or other aspects of its
; crises,” which occur when the angular cells clog tiny blood environment are altered, the protein may unravel and lose it
vessels, impeding blood flow. The toll taken on such patients native conformation, a change called denaturation (Figure
is a dramatic example of how a simple change in protein 5.22). Because it is misshapen, the denatured protein is bio-
structure can have devastating effects on prorein function. logically inactive.

‘ ‘ S S . Normal hemoglobin : k - Sickle-cell hemoglobin
; Primary = . [V} s {Leo { Th ¥ Pro H G H G b - - ;’.{;u'“;‘rj{e- ‘ (val HHis W Leu HThr H{ Pro HEEIH Glu b - -
: ‘ . .structure ° o 1203456 .7 : . ) '

123 4.5 6 .7

SR o Exposed
-'Secondary, Secondary hydrophobic : : -
' . and tertiary @ subunit - and tertiary - region \ B subunit
jv‘ «: “structures : structures_ - : !
. 'Quaternary. - Nbrmél,r B - Quaternary -Sickle-cell
<structure” - - % hemoglobin - structure -~ hemoglobin
AT L (top view) i A Sl
* Function: M‘oiré.crul'esrg ‘ :
et - interact with

--onhe another to
- crystallize into
afiber; capadity.”
to carry oxygen

~greatly reduced;: -

_.Reéd:blood. .. Fibers of abnormal.

“ cell shape .- hemoglobin deform™

len o celfintoTsickle
shape-

" Red blood"
 cell shape - -

R

A Figure 5.21 A single amino acid substitution in a protein causes sickle-cell disease.

To show fiber formation clearly, the orientation of the hemoglobin molecule here is different from that in
Figure 5.20.
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Denaturation

U .
Normal protein \/ Denatured protein

Renaturation

A Figure 5.22 Denaturation and renaturation of a protein.
High temperatures of various chemical treatments will denature a
protein, causing it to jose its conformation and hence its ability to
function. If the denatured protein remains dissolved, it can often
renature when the chemical and physical aspects of its environment

are restored to normal.

Most proteins become denatured if they are transferred
from an aqueous environment to an organic solvent, such as
ether or chloroform; the polypeptide chain refolds so that its
hydrophobic regions face outward toward the solvent. Other
denaturation agents include chemicals that disrupt the hydro-
gen bonds, ionic bonds, and disulfide bridges that maintain a
protein’s shape. Denaturation can also result from excessive
heat, which agitates the polypeptide chain enough to over-
power the weak interactions that stabilize conformation. The
white of an egg becomes opaque during cooking because the
denatured proteins are insoluble and solidify. This also ex-
plains why extremely high fevers can be fatal: Proteins in the
blood become denatured by such high body temperatures.

When a protein in a test-tube solution has been denatured
by heat or chemicals, it will often return to its functional
shape when the denaturing agent is removed. We can con-
clude that the information for building specific shape is in-
trinsic to the protein’s primary structure. The sequence of
amino acids determines conformation—where an a helix can

» Figure 5.23

A chaperonin in
action. The
computer graphic
(left) shows a large
chaperonin protein
complex with an
interior space that
provides a shelter
for the proper folding
of newly made
polypeptides. The
complex consists of
two proteins: One
protein is a hollow
cylinder; the other is
a cap that can fiton
either end.

Hollow
cylinder

Chaperonin
(fully assembled)

Steps of Chaperonin
Action:

@ An unfolded poly-
peptide enters the
cylinder from one end.

iorm, wilele P piocaccu 311\.;\.3 (NPT RN
bridges are located, where ionic bonds can form, and so on.
However, in the crowded environment inside a cell, correct
folding may be more of a problem than itis in a test tube.

The Protein-Folding Problem

Biochemists now know the amino acid sequences of more than
875,000 proteins and the three-dimensional shapes of about
7.000. One would think that by correlating the primary struc-
tures of many proteins with their conformations, it would be
relatively easy to discover the rules of protein folding. Unfortu-
nately, the protein-folding problem is not that simple. Most pro-
teins probably go through several intermediate states on their
way to a stable conformation, and looking at the mature con-
formation does not reveal the stages of folding required to
achieve that form. However, biochemists have developed meth-
ods for tracking a protein through its intermediate stages of
folding. Researchers have also discovered chaperonins (also
called chaperone proteins), protein molecules that assist the
proper folding of other proteins (Figure 5.23). Chaperonins do
not actually specify the correct final structure of a polypeptide.
Instead, they work by keeping the new polypeptide segregated
from “bad influences” in the cytoplasmic environment while it
folds spontaneously. The well-studied chaperonin shown in
Figure 5.23, from the bactedum E. coli, is a giant multiprotein
complex shaped like a hollow cylinder. The cavity provides a
shelter for folding polypeptides of various types.

Even when scientists have an actual protein in hand, deter-
mining its exact three-dimensional structure is not simple, for
a single protein molecule is built of thousands of atoms. X-tay
crystallography is an important method used to determine a
protein’s three-dimensional structure (Figure 5.24). Another
method that has recently been applied to this problem is nu-
clear magnetic resonance (NMR) spectroscopy, which does
not require protein crystallization. These approaches have
contributed greatly to our understanding of protein structure
and have also given us valuable hints about protein function.

Correctly
folded Ay
protein '

€ The cap comes
off, and the properly
folded protein is

€ The cap attaches, causing the
cylinder to change shape in
such a way that it creates a

hydrophilic environment for released.
the folding of the polypeptide.
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Figure 5.24

APPLICATION Scientists use X-ray crystatlography to
determine the three-dimensional structure of macromolecules such
as nucleic acids and proteins. In this figure we will examine how
researchers at the University of California, Riverside, determined the
structure of the protein ribonuclease, an enzyme whose function
involves binding to a nucleic acid molecule.

m Researchers aim an X-ray beam through
the crystallized protein. The atoms of the crystal diffract {deflect)

the X-rays into an orderly array. The diffracted X-rays expose
photographic film, producing a pattern of spots known as an X-ray
diffraction pattern. X-ray

diffraction pattern

Photographic film

Diffracted X-rays — |3

X-ray
source

X-ray
beam

Crystal

m Using data from X-ray diffraction patterns, as

well as the amino acid sequence determined by chemical methods,
scientists build a 3D computer madel of the protein, such as this
model of the protein ribonuclease (purple) bound to a short strand

of nucleic acid (green). Nucleic acid  Protein

(a) X-ray diffraction pattern (b) 30 computer model

. Concept Check

1. Why does a denatured protein no longer function
normally? ‘

2. Differentiate between secondary and tertiary struc-
ture by describing the parts of the polypeptide chain
that participate in the bonds that hold together each
level of structure. » i

3.A gei:létic mutation can change a protein’s primary -
structifre. How can this destroy the proteins function?

For suggested answers, see Appendix A.
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Nucleic acids store and transmit
hereditary information

e

carn

If the primary structure of polypeptides determines the con-
formation of a protein, what determines primary structure?

S

The amino acid sequence of a polypeptide is programmed by
a unit of inheritance known as a gene. Genes consist of DNA,
which is a polymer belonging to the class of compounds
known as nucleic acids. .

The Roles of Nucleic Acids i

There are two types of nucleic acids: deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). These are the molecules
that enable living organisms to reproduce their complex
components from one generation to the next. Unique among v
molecules, DNA provides directions for its own replication. ji 1
DNA also directs RNA synthesis and, through RNA, controls i
protein synthesis {(Figure 5.25). :

@ Movement of
- mRNA into cytoplasm
. via nudlear pore

€) Synthesis
of protein

: ,‘Polybépt'i'drei: :

A Figure 5.25 DNA — RNA — protein: a diagrammatic
overview of information flow in a cell. in a eukaryotic cell,
DNA in the nucleus programs protein production in the cytoplasm by
dictating the synthesis of messenger RNA (MRNA), which travels to the
cytoplasm and binds to ribosomes. As a ribosome (greatly enlarged in
this drawing) moves along the mRNA, the genetic message is
translated into a polypeptide of specific amino acid sequence.




DNA is the genetic material that organisms inherit from
their parents. Each chromosome contains one long DNA mol-
ecule, usually consisting of from several hundred to more
; than a thousand genes. When a cell reproduces itself by di-
: viding, its DNA molecules are copied and passed along from
| one generation of cells to the next. Encoded in the structure of
DNA is the information that programs all the cells activities.
The DNA, however, is not directly involved in running the op-
erations of the cell, any more than computer software by itself
can print a bank statement or read the bar code on a box of
cereal. Just as a printer is needed to print out a statement and
a scanner is needed to read a bar code, proteins are required
to implement genetic programs. The molecular hardware of the
: cell—the tools for most biological functions—consists ol pro-
| teins. For example, the oxygen carrier in the blood is the
| protein hemoglobin, not the DNA that specifies its structure.

; How does RNA, the other type of nucleic acid, fit into the
flow of genetic information from DNA to proteins? Each gene
along the length of a DNA molecule directs the synthesis of
a type of RNA called messenger RNA (mRNA). The mRNA
molecule then interacts with the cells protein-synthesizing

machinery to direct the production of a polypeptide. We can
summarize the flow of genetic information as DNA — RNA
— protein (see Figure 5.23). The actual sites of protein syn-
thesis are cellular structures called ribosomes. [n a eukaryotic
cell, ribosomes are located in the cytoplasm, but DNA resides
in the nucleus. Messenger RNA conveys the genetic instruc-
tions for building proteins from the nucleus to the cytoplasm.
Prokaryotic cells lack nuclei, but they still use RNA 1o send a
message from the DNA to the ribosomes and other equipment
of the cell that translate the coded information into amino
acid sequences.

The Structure of Nucleic Acids

Nucleic acids are macromolecules that exist as polymers
called polynucleotides (Figure 5.26a). As indicated by the
name, each polynucleotide cousists of monomers called nu-
cleotides. A nucleotide is itself composed of three parts: a ni-
trogenous base, a pentose (five-carbon sugar), and a phosphate
group (Figure 5.26b). The portion of this unit without the
phosphate group is called a nucleoside.

Nitrqéer’i‘éus}"ba’s' s’
" pyrimidines

- Nucleoside

Nitrogenous

7
00— llJ —Q0——-CH
o~
Phosphate
group Pentose
~. sugar

(b) Nucleotide

(a) Polynucleotide, or
nucleic acid

or a pyrimidine) and a pentose sugar (either deoxyribose or ribose)

A Figure 5.26 The components of nucleic acids. (a) A polynucleotide has
¢ aregular sugar-phosphate backbone with variable appendages, the four kinds of

{  nitrogenous bases. RNA usually exists in the form of a single polynudiectide, like

{  the one shown here. (b) A nudleotide monomer is made up of three components:
a nitrogenous base, a sugar, and a phosphate group, linked together as shown
here. Without the phosphate group, the resulting structure is called a nucleoside.
(<) The components of the nucleoside include a nitrogenous base (either a purine

(c) Nucleoside components
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Nucleotide Monomenrs

To build a nucleotide, lets first consider the two comporents of
the nucleoside: the nitrogeneus base and the sugar (Figure
5.26¢). There are two families of nitrogenous bases: pyrimidines
and purines. A pyrimidine has a six-membered ring of carbon
and nitrogen atoms. (The nitrogen atoms tend to take up H*
from solution, which explains the term nitrogenous basc.) The
members of the pyrimidine family are cytosine (O, thymine
(1), and uracil (U). Purines are larger, with a six-membered
ring fused to a five-membered ring. The purines are adenine (A)
and guanine (G). The specific pytimidines and purines differ in
the functional groups attached to the rings. Adenine, guanirne,
and cytosine are found in both types of nucleic acid; thymine is
found only in DNA and uracil only in RNA.

The pentose connected to the nitrogenous base is ribose in
the nucleotides of RNA and deoxyribose in DNA (see Figure
2.26¢). The only difference between these two sugars is that
deoxyribose lacks an Oxygen atom on the second carbon in the
ring; hence its name. Because the atoms in both the nitroge-
nous base and the sugar are numbered, the sugar atoms have a
prime (') after the number to distinguish them. Thus, the sec-
orid carbon in the sugar ring is the 2' (“2 prime”) carbon, and
the carbon that sticks up [rom the ring is called the 5 carbon.

So far, we have built a nucleoside. To complete the con-
struction of a nucleotide, we attach a phosphate group to the
5' carbon of the sugar (see Figure 5.26b). The molecule is now
a nucleoside monophosphate, better known as a nucleotide.

Nucleotide Polymers

Now we can see how these nucleotides are linked together to
build a polynucleotide. Adjacent nucleotides are joined by cova-
lent bonds called phosphodiester linkages between the —OH
group on the 3’ carbon of one nucleotide and the phosphate
on the 5" carbon of the next. This bonding results in a
backbone with a repeating pattern of sugar-phosphate

units (see Figure 5.26a). The two free ends of the

polymer are distinctly different from each other,
One end has a phosphate attached to a 5’ car-
bon, and the other end has 1 hydroxyl
group on a 3" carbon; we refer to these
as the 5" end and the 3’ end,
respectively. So we can say that the
DNA strand has a built-in direction-
ality along its sugar-phosphate back-
bone, from 5’ 1o 37, somewhat like a
one-way street. All along this sugar-
phosphate backbone are appendages con-
sisting of the nitrogenous bases.

The sequence of bases along a DNA (or mRNA)-polymer is
unique for each gene. Because genes are hundreds to thousands
of nucleotides long, the number of possible base sequences is
effectively limitless. A gene’s meaning to the cell is encoded in
its specific sequence of the four DNA bases. For example, the

3" end
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sequence AGGTAACTT means one thing, whereas the se.
quence CGCTTTAAC has a different meaning. (Real genes, of
course, are much longer) The linear order of bases in a gene
specifies the amino acid sequence—the primary structure—of
a prowin, which in wrn specifies that proteins three-dimen-
sional conformation and function in the cel].

The DNA Double Helix

The RNA molecules of cells consist of a single polynucleotide
chain like the one shown in Figure 5.26. In contrast, cellular
DNA molecules have two polynucleotides thar spiral around an
imaginary axis, forming a double helix (Figure 5.27). James
Watson and Francis Crick, working at Cambridge University,

Sugar-phosphate
backbone

Base pair (joined by
hydrogen bonding)

Old strands

Nucleotide
about to be
added to a
new strand

A Figure 5.27 The DNA double Ry

helix and its replication. The DNA Y ~»‘/9'
molecule is usually double-stranded, with the \i
sugar-phosphate backbone of the antiparallel 3 end
polynucleotide strands (symbolized here by blue
ribbons) on the outside of the helix, Holding the two
strands together are pairs of nitrogenous bases attached

to each other by hydrogen bonds. As illustrated here with
symbolic shapes for the bases, adenine (A} can pair only with
thymine (T), and guanine (G) can pair only with cytosine (C).
When a cell prepares to divide, the two stra nds of the double
helix separate, and each serves as a template for the precise
ordering of nucleotides into new complementary strands {orange).

Each DNA strand in this figure is the structural equivalent of the
polynucleotide diagrammed in Figure 5.26a.
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- first pro;;osed the double helix as the three-dimensional struc-
{DNAIn 1953. The two sugar-phosphate backbones run
5' — 3’ directions from each other, an arrange-
as antiparallel, sormewhat like a divided high-
backbories are on the outside of the
paired in the interior of

ture ©
in Opposite
mene referred o
way. The sugar-phosphate
helix, and the nitrogenous bases are
the helix. The two pol)mxcleotides, or strands, as they are
called, are held together by hydrogen bonds between the
paired bases and by van der Waals interactions between the
stacked bases. Most DNA molecules are very long, with thou-
sands or even millions of base pairs connecting the two
chains. One long DNA double helix includes many genes,
each one a particular segment of the molecule.
Only certain bases in the double helix are compatible with
each other. Adenine (A) always pairs with thymine (), and
guanine (G) always pairs with cytosine (©). 1f we were to read
the sequence of bases along one strand as we traveled the length
of the double helix, we would know the sequence of bases
atong the other strand. 1fa stretch of one strand has the base se-
quence 5. AGGTCCG-3', then the base-pairing rules tell us
that the same stretch of the other strand must have the se-
quence 3. TCCAGGC-5'. The two strands of the double helix
are complementary, each the predictable counterpart of the
other. 1t is this feature of DNA that makes possible the precise
copying of genes that is responsible for inheritance (see Figure
5.27). In preparation for cell division, each of the two strands
of a DNA molecule serves as a temnplate to order nucleotides
into a new corplementary strand. The result is two identical
copies of the original double-stranded DNA molecule, which
are then distributed to the two daughter cells. Thus, the struc-
ture of DNA accounts for its function in transmitting genetic
information whenever a cell reproduces.

DNA and Proteins as Tape Measuxes
of Evolution

We are accustomed to thinking of chared traits, such as hair
and milk production in mammals, as evidence of shared ances-
tors. Because we now understand that DNA carries heritable in-
formation in the form of genes, we can see that genes and their
products (proteins) document the hereditary background of an
organism. The linear sequences of nucleotides in DNA mole-
cules are passed {rom parents to offspring; these sequences
determine the amino acid sequences of proteins. Siblings have
greater similarity in their DNA and proteins than do unrelated
individuals of the same species. 1f the evolutionary view of life
is valid, we should be able to extend this concept of “molecular
genealogy” to relationships between species: We should expect
two species that appear to be closely related based on fossiland
anatomical evidence to also share a greater proportion of their
DNA and protein sequences than do more distantly related
species. In fact, that is the case. For example, if we compare 2
polypeptide chain of human hemoglobin with the correspon-
ding hemoglobin polypeptide in five other vertebrates, we find

the following. In this chain of 146 amino acids, humans and
gorillas differ in just 1 amino acid, humans and gibbons differ
in 2 amino acids, and humans and thesus monkeys differ in 8
amino acids. More distantly related species have chamns that are
less similar. Humans and mice differ in 27 amino acids, and
humans and frogs differ in 67 amino acids. Molecular biology
has added a new tape measure 0 the toolkit biologists use to

assess evolutionary kinship.

Concept Check

1. Go to Figure 5.26a and number all the carbons in
the sugars for the top three nucleotides; circle the
nitrogenous bases and star the phosphates.

2. In a DNA double helix, a region along one DNA
strand has this sequence of mitrogenous bases:

57 TAGGCCT-3'. List the base sequence along the
other strand of the molecule, clearly indicating
the 5' and 3' ends of this strand.

For suggested answers, see Appendix A.

The Theme of Emergent Properties in
the Chemistry of Life: A Review

Recall that life is organized along a hierarchy of structural lev-
els (see Figure 1.3). With each increasing level of order, new
properties emerge in addition to those of the component
patts. In Chapters 2-5, we have dissected the chemistry of life
using the strategy of the reductionist. But we have also begun
to develop a mare integrated view of life as we have seen how
properties emerge with increasing order.

‘We have seen that the anusual behavior of water, so essen-
tial to life on Earth, results from interactions of the water mol-
ecules, themselves an ordered arrangement of hydrogen and
oxygen atoms. We reduced the great complexity and diversity
of organic compounds to the chemical characteristics of car-
bon, but we also saw that the unique properties of organic
compounds are related to the specific structural arrangements

of carbon skeletons and their appended functional groups. We
learned that small organic molecules are often assermnbled into
giant molecules, but we also discovered thata macromolecule
does not behave like a composite of its monomers but rather
takes on additional properties owing to the interactions be-
tween those monomers.

By completing our overview of the molecular basis of life with
an introduction to the important classes of macromolecules that
build living cells, we have built a bridge to Unit Two, where we
will study the cell’s structure and function. We will maintain our
balance between the need to reduce life to a conglomerate of
simpler processes and the ultimate satisfaction of viewing those

processes in their integrated cortext.
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