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polarized light microscopic image of crystals of ATP, whose
hydrolysis is a primary source of energy that drives many cellular
chemical reactions. [Dr. Arthur M. Siegelman/Visuals Unlimited.]

teractions and reactions exquisitely coordinated with

one another in time and space and under the influence
of the cell’s genetic instructions and its environment. By un-
derstanding at a molecular level these interactions and reac-
tions, we can begin to answer fundamental questions about
cellular life: How does a cell extract critical nutrients and in-
formation from its environment? How does a cell convert
the energy stored in nutrients into work (movement, synthe-
sis of critical components)? How does a cell transform nutri-
ents into the fundamental structures required for its survival
(cell wall, nucleus, nucleic acids, proteins, cytoskeleton)?
How does a cell link itself to other cells to form a tissue?
How do cells communicate with one another so that a com-
plex, efficiently functioning organism can develop and
thrive? One of the goals of Molecular Cell Biology is to pro-
vide answers to these and other questions about the struc-
ture and function of cells and organisms in terms of the
properties of individual ‘molecules and ions.

For example, the properties of one such molecule, water,
have controlled and continue to control the evolution,
structure, and function of cells. You cannot understand bi-
ology without appreciating how the properties of water
control the chemistry of life. Life first arose in a watery en-
vironment. Constituting 70-80 percent by weight of most
cells, water is the most abundant molecule in biological sys-
tems. It is within this aqueous milieu that small molecules
apd ions, which make up about 7 percent of the weight of

- living matter, assemble into the larger macromolecules and
macromolecular aggregates that make up a cell’s machinery
and architecture and so the remaining mass of organisms.

T he life of a cell depends on thousands of chemical in-

CHAPTER

CHEMICAL
FOUNDATIONS

These small molecules include amino acids (the building
blocks of proteins), nucleotides (the building blocks of
DNA and RNA), lipids (the building blocks of biomem-
branes), and sugars (the building blocks of starches and
cellulose).

Many biomolecules (e.g., sugars) readily dissolve in wa-
ter; these molecules are called hydrophilic (water liking).
Others (e.g., cholesterol) are oily, fatlike substances that

. shun water; these are said to be hydrophobic (water fear-

ing). Still other biomolecules (e.g., phospholipids) are a bit
schizophrenic, containing both hydrophilic and hydropho-
bic regions; these molecule are said to be amphipathic.
Phospholipids are used to build the flexible membranes
that form the wall-like boundaries of cells and their inter-
nal organelles. The smooth functioning of cells, tissues,
and organisms depends on all these molecules, from the
smallest to the largest. Indeed, the chemistry of the simple
proton (H*) can be as important to the survival of a hu-
man cell as that of each gigantic, genetic-code-carrying
DNA molecule {the mass of the DNA molecule in human
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A FIGURE 2-1 Chemistry of life: four key concepts. (a) Molecular
complementarity lies at the heart of all biomolecular interactions, as
when two proteins with complementary shapes and chemical
properties come together to form a tightly bound complex. (b) Small
molecules serve as building blocks for larger structures. For example,
to generate the information-carrying macromolecule DNA, four small
nudeotide building blocks are covalently linked into long strings
(polymers), which then wrap around each other to form the double
helix. (¢) Chemical reactions are reversible, and the distribution of the
chemicals between starting reagents (feft) and the products of the

chromosome 1 is 8.6 X 10" times that of a proton!). The
chemical interactions of all of these molecules, large and
small, with water and with one another, define the nature
of life.

Luckily, although many types of biomolecules interact
and react in numerous and complex pathways to form func-
tional cells and organisms, a relatively small number of
chemical principles are necessary to understand cellular
processes at the molecular level (Figure 2-1). In this chapter
we review these key principles, some of which you already
know well. We begin with the covalent bonds that connect
atoms into a molecule and the noncovalent forces that stabi-
lize groups of atoms into functional structures within and
between molecules. We then consider the key properties of
the basic chemical building blocks of macromolecules and
macromolecular assemblies. After reviewing those aspects of
chemical equilibrium that are most relevant to biological
systems, we end the chapter with basic principles of bio-
32 e
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{b} Chemical building blocks
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bonds

Adenosine
triphosphate

(ATP)
reactions (right) depends on the rate constants of the forward (k;,
upper arrow) and reverse (k;, lower arrow) reactions. The ratio of
these, Koq, provides an informative measure of the relative amounts
of products and reactants that will be present at equilibrium. (d) In
many cases, the source of energy for chemical reactions in cells is the
hydrolysis of the molecule ATP. This energy is released when a high-
energy phosphoanhydride bond linking the B and vy phosphates in
the ATP molecule (red) is broken by the addition of a water molecule,
forming ADP and P;.

chemical energetics, including the central role of ATP
(adenosine triphosphate) in capturing and transferring en-
ergy in cellular metabolism.

Covalent Bonds and
Noncovalent Interactions

Strong and weak attractive forces between atoms are the
“glue” that holds them together in individual molecules and
permits interactions between different biomolecules. Strong
forces form a covalent bond when two atoms share one pair
of electrons (“single” bond) or multiple pairs of electrons
(“double” bond, “triple” bond, etc.). The weak attractive
forces of noncovalent interactions are equally important in
determining the properties and functions of biomolecules -
such as proteins, nucleic acids, carbohydrates, and lipids.
We will first review covalent bonds and then discuss the four
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Electrons Covalent bond

Methane

A FIGURE 2-2 Covalent bonds form by the sharing of electrons.
Covalent bonds, the strong forces that hold atoms together into
molecules, form when atoms share electrons from their outermost
electron orbitals. Each atom forms a defined number and geometry
of covalent bonds.

major types of noncovalent interactions: ionic bonds, hydro-
gen bonds, van der Waals interactions, and the hydrophobic
effect.

The Electronic Structure of an Atom
Determines the Number and Geometry
of Covalent Bonds It Can Make

Hydrogen, oxygen, carbon, nitrogen, phosphorus, and sul-
fur are the most abundant elements in biological molecules.
These atoms, which rarely exist as isolated entities, readily
form covalent bonds, using electrons in the outermost elec-
tron orbitals surrounding their nuclei (Figure 2-2). As a
rule, each type of atom forms a characteristic number of co-
valent bonds with other atoms, with a well-defined geome-
try determined by the atom’s size and by both the distribu-
tion of electrons around the nucleus and the number of

“electrons that it can share. In some cases (e.g., carbon), the
number of stable covalent bonds formed is fixed; in other
cases (e.g., sulfur), different numbers of stable covalent
bonds are possible.

All the biological building blocks are organized around
the carbon atom, which normally forms four covalent bonds
with three or four other atoms. As illustrated in Figure 2-3a
for formaldehyde, carbon can bond to three atoms, all in a
common plane. The carbon atom forms two typical single
bonds with two atoms and a double bond (two shared elec-
tron pairs) with the third atom. In the absence of other con-
straints, atoms joined by a single bond generally can rotate
freely about the bond axis, whereas those connected by a
double bond cannot. The rigid planarity imposed by double
bonds has enormous significance for the shapes and flexibil-
ity of biomolecules such as phospholipids, proteins, and nu-
cleic acids.

Carbon can also bond to four rather than three atoms.
As illustrated by the methane (CH4) molecule, when carbon

is bonded to four other atoms, the angle between any two
bonds is 109.5° and the positions of bonded atoms define
the four points of a tetrahedron (Figure 2-3b). This geome-

'M&r&mrmlv o 1 RS GR
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try defines the structures of many biomolecules. A carbon
(or any other) atom bonded to four dissimilar atoms or
groups in a nonplanar configuration is said to be asymmet-
ric. The tetrahedral orientation of bonds formed by an asym-
metric carbon atom can be arranged in three-dimensional
space in two different ways, producing molecules that are
mirror images of each other, a property called chirality (from
the Greek word cheir, meaning “hand”) (Figure 2-4). Such
molecules are called optical isomers, or stereoisomers. Many
molecules in cells contain at least one asymmetric carbon
atom, often called a chiral carbon atom. The different
stereoisomers of a molecule usually have completely differ-
ent biological activities because the arrangement of atoms
within their structures differs, yielding their unique abilities
to interact and chemically react with other molecules.

Some drugs are mixtures of the stereoisomers of small
molecules in which only one stereoisomer has the bio-
logical activity of interest. The use of a pure single stereoiso-
mer of the chemical in place of the mixture can result in a
more potent drug with reduced side effects. For example, one
stereoisomer of the antidepressant drug citalopram (Celexa) is

(a) Formaldehyde

C=

N

{b} Methane

|
H—(IJ—H

H
Chemical Ball-and-stick Space-filling
structure model model

A FIGURE 2-3 Geometry of bonds when carbon is covalently
linked to three or four other atoms. (a) A carbon atom can be
bonded to three atoms, as in formaldehyde (CH,0). In this case, the
carbon-bonding electrons participate in two single bonds and one
double bond, which all lie in the same plane. Unlike atoms
connected by a single bond, which usually can rotate freely about the
bond axis, those connected by a double bond cannot. (b) When a
carbon atom forms four single bonds, as in methane (CHy), the
bonded atoms (all H in this case) are oriented in space in the form of
a tetrahedron. The letter representation on the left clearly indicates
the atomic composition of the molecule and the bonding pattern.
The ball-and-stick model in the center illustrates the geometric
arrangement of the atoms and bonds, but the diameters of the balls
representing the atoms and their nonbonding electrons are
unrealistically small compared with the bond lengths. The sizes of the
electron clouds in the space-filling model on the right more
accurately represent the structure in three dimensions.

COVALENT BONDS AND NONCOVALENT INTERACTIONS ® 33
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Mirror

D isomer L isomer

A FIGURE 2-4 Stereoisomers. Many molecules in cells contain at
least one asymmetric carbon atom. The tetrahedral orientation of
bonds formed by an asymmetric carbon atom can be arranged in
three-dimensional space in two different ways, producing molecules
that are mirror images, or sterecisomers, of each other. Shown here is
the common structure of an amino acid, with its central asymmetric
carbon and four attached groups, including the R group, discussed in
Section 2.2. Amino acids can exist in two mirror-image forms,
designated 1 and p. Although the chemical properties of such
stereoisomers are identical, their biological activities are distinct. Only
L amino acids are found in proteins.

170 times more potent than the other. Some stereoisomers have
very different activities. Darvon is a pain reliever, whereas its
stereoisomer, Novrad (Darvon spelled backward), is a cough
suppressant. One stereoisomer of ketamine is an anesthetic,
whereas the other causes hallucinations. I

The number of covalent bonds formed by other common
atoms is shown in Table 2-1. A hydrogen atom forms only
one covalent bond. An atom of oxygen usually forms only
two covalent bonds but has two additional pairs of electrons

TABLE 2-1 Bonding Properties of Atoms Most
Abundant in Biomolecules

ATOM AND USUAL NUMBER TYPICAL

OUTER ELECTRONS OF COVALENT BONDS BOND GEOMETRY

CHEMICAL FOUNDATIONS
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that can participate in noncovalent interactions. Sulfur
forms two covalent bonds in hydrogen sulfide (H,S) but also
can accommodate six covalent bonds, as in sulfuric acid
(H2804) and its sulfate derivatives. Nitrogen and phospho-
rus each have five electrons to share. In ammonia (NH3), the
nitrogen atom forms three covalent bonds; the pair of elec-
trons around the atom not involved in a covalent bond can
take part in noncovalent interactions. In the ammonium ion
(NH,"), nitrogen forms four covalent bonds, which have a
tetrahedral geometry. Phosphorus commonly forms five co-
valent bonds, as in phosphoric acid (H3POy4) and its phos-
phate derivatives, which form the backbone of nucleic acids.
Phosphate groups covalently attached to proteins play a key
role in regulating the activity of many proteins, and the cen-
tral molecule in cellular energetics, ATP, contains three phos-
phate groups (see Section 2.4). A summary of common co-
valent linkages and functional groups (portions of molecules
that confer distinctive chemical properties) is provided in

Table 2-2.

Electrons May Be Shared Equally
or Unequally in Covalent Bonds

The extent of an atom’s ability to attract an electron is called
its electronegativity. In a bond between atoms with identical
or similar electronegativities, the bonding electrons are es-
sentially shared equally between the two atoms, as is the case
for most C—C and C—H bonds. Such bonds are called non-
polar. In many molecules, the bonded atoms have different
electronegativities, resulting in unequal sharing of the elec-
trons. The bond between them is said to be polar.

One end of a polar bond has a partial negative charge
(87), and the other end has a partial positive charge (87).
In an O—H bond, for example, the greater electronegativ-
ity of the oxygen atom relative to hydrogen results in the
electrons spending more time around the oxygen atom
than the hydrogen. Thus the O—H bond possesses an elec-
tric dipole, a positive charge separated from an equal but
opposite negative charge. The amount of 8~ charge on the
oxygen atom of a O—H dipole is approximately 25 per-
cent of that of an electron, with an equivalent 8" charge
on the H atom. Because of its two O—H bonds that are not
on exact opposite sides of the O atom, water molecules
(H,0) are dipoles (Figure 2-5) that form electrostatic, non-
covalent interactions with one another and with other mol-
ecules. These interactions play a critical role in almost
every biochemical interaction and so are fundamental to
cell biology.

The polarity of the O=P double bond in H;PO, results
in a resonance hybrid, a structure between the two forms
shown below in which nonbonding electrons are shown as
pairs of dots:

j ﬁ'
: (i) : : (I) :
H=0—F—0—H < H—0—P"-5—n
' 0:”
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TABLE 2-2 Common Functional Groups and Linkages in Biomolecules

FUNCTIONAL GROUPS

= =

| ) 0
+ —0—pP—0 I fi
—SH —NH, or —NH; [ —O—P—0O—P—
Suifhydryl Amino 0 (O Cl)_
Phosphate
(Thiol) {amines) Pyrophosphate
{phosphorylated
molecule) {diphosphate)
LINKAGES

In the resonance hybrid on the right, one of the electrons
from the P==0 double bond has accumulated around the O
atom, giving it a negative charge and leaving the P atom with
a positive charge. These charges are important in noncova-
lent interactions.

Covalent Bonds Are Much Stronger
and More Stable Than Noncovalent Interactions

Covalent bonds are very stable (i.e., considered to be strong)
because the energies required to break them are much
greater than the thermal energy available at room tempera-
ture (25 °C) or body temperature {37 °C). For example, the

Dipole
moment

A FIGURE 2-5 The dipole nature of a water molecule. The
symbol 3 represents a partial charge (a weaker charge than the one
on an electron or a proton). Because of the difference in the
electronegativities of H and O, each of the polar H—0 bonds in
water is a dipole. The sizes and directions of the dipoles of each of
the bonds determine the net distance and amount of charge
separation, or dipole moment, of the molecule.

thermal energy at 25 °C is approximately 0.6 kilocalorie per
mole (kcal/mol), whereas the energy required to break the
carbon-carbon single bond (C—C) in ethane is about 140
times larger (Figure 2-6). Consequently, at room tempera-
ture (25 °C), fewer than 1 in 10" ethane molecules is broken
into a pair of -CH3 molecules, each containing an unpaired,
nonbonding electron (called a radical).

Covalent single bonds in biological molecules have ener-
gies similar to the energy of the C—C bond in ethane. Be-
cause more electrons are shared between atoms in double
bonds, they require more energy to break than single bonds.
For instance, it takes 84 kcal/mol to break a single C—O
bond but 170 kcal/mol to break a C=0 double bond. The
most common double bonds in biological molecules are
C=0, C=N, C=C, and P=0.

In contrast, the energy required to break noncovalent
interactions is only 1-5 kcal/mol, much less than the bond
energies of covalent bonds (see Figure 2-6). Indeed, nonco-
valent interactions are weak enough that they are con-
stantly being formed and broken at room temperature. Al-
though these interactions are weak and have a transient
existence at physiological temperatures (25-37 °C), multi-
ple noncovalent interactions can, as we will see, act to-
gether to produce highly stable and specific associations
between different parts of a large molecule or between dif-
ferent macromolecules. Below, we review the four main
types of noncovalent interactions and then consider their
roles in the binding of biomolecules to one another and to
other molecules.

COVALENT BONDS AND NONCOVALENT INTERACTIONS * 35
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Covalent bonds

bonds and noncovalent interactions. Bond .
energies are defined as the energy required to
break a particular type of linkage. Covalent
bonds, including those for single (C—C) and
double (C==C) carbon-carbon bonds, are one to Thermal
two powers of 10 stronger than noncovalent energy
interactions. The latter are somewhat greater 1

van der
Waals

than the thermal energy of the environment at

A = 2}

lonic
Hydrogen
bonds

Hydrolysis of ATP
phosphoanhydride bond c-C C=C

| | | |

normal room temperature (25 °C). Many
biological processes are coupled to the energy
released during hydrolysis of a phosphoanhydride
bond in ATP.

lonic Interactions Are Attractions
between Oppositely Charged lons

Tonic interactions result from the attraction of a positively
charged ion—a cation—for a negatively charged ion—an
anion. In sodium chloride {NaCl), for example, the bonding
electron contributed by the sodium atom is completely trans-
ferred to the chlorine atom. (Figure 2-7a). Unlike covalent
bonds, ionic interactions do not have fixed or specific geometric
orientations because the electrostatic field around an ion—its
attraction for an opposite charge—is uniform in all directions.
In solid NaCl, many ions pack tightly together in an alternating
pattern to permit opposite charges to align and thus form a
highly ordered crystalline array (salt crystals) (Figure 2-7b).
When solid salts dissolve in water, the ions separate from
one another and are stabilized by their interactions with wa-
ter molecules. In aqueous solutions, simple ions of biological

(a)

Donation of electron

A FIGURE 2-7 Electrostatic interactions of oppositely charged
ions of salt (NaCl) in crystals and in aqueous solution. (a) In
arystalline table salt, sodium atoms are positively charged ions (Na™)
due to the loss of one electron each, whereas chloride atoms are
correspondingly negatively charged (CI™) by gaining one electron
each. (b) In solid form, ionic compounds form neatly ordered arrays,
or crystals, of tightly packed ions in which the positive and negatively
charged ions counterbalance each other. (c) When the crystals are
36 e
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Increasing bond strength

significance, such as Na*, K*, Ca**, Mg”>", and Cl 7, are hy-
drated, surrounded by a stable shell of water molecules held
in place by ionic interactions between the central ion and the
oppositely charged end of the water dipole (Figure 2-7c).
Most ionic compounds dissolve readily in water because the
energy of hydration, the energy released when ions tightly
bind water molecules, is greater than the lattice energy that
stabilizes the crystal structure. Parts or all of the aqueous by-
dration shell must be removed from ions when they directly
interact with proteins. For example, water of hydration is
lost when ions pass through protein pores in the cell mem-
brane during nerve conduction.

The relative strength of the interaction between two ions,
A~ and C*, depends on the concentration of other ions in a
solution. The higher the concentration of other ions (e.g.,
Na* and CI7), the more opportunities A~ and C* have to

{c)

+H,0
dissolving

—
Crystallizing

dissolved in water, the ions separate and their charges, no longer
balanced by immediately adjacent ions of opposite charge, are
stabilized by interactions with polar water. Water molecules and the
ions are held together by electrostatic interactions between the
charges on the ion and the partial charges on the water’s oxygen and
hydrogen atoms. in aqueous solutions, all ions are surrounded by a
hydration shell of water molecules.
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A FIGURE 2-8 Hydrogen bonding of water with itself and with
other compounds. Each pair of nonbonding outer electrons in an
oxygen or a nitrogen atom can accept a hydrogen atom in a hydrogen
bond. The hydroxyl and the amino groups can also form hydrogen
bonds with water. (a) In liquid water, each water molecule forms
transient hydrogen bonds with several others, creating a dynamic

interact jonically with these other ions and thus the lower
the energy required to break the interaction between A” and
C*. As a result, increasing the concentrations of salts such as
NaCl in a solution of biological molecules can weaken and
even disrupt the ionic interactions holding the biomolecules
together.

Hydrogen Bonds Determine the Water
Solubility of Uncharged Molecules

A hydrogen bond is the interaction of a partially positively
charged hydrogen atom in a molecular dipole (e.g., water)
with unpaired electrons from another atom, either in the same
(intramolecular) or different (intermolecular) molecule. Nor-
mally, 2 hydrogen atom forms a covalent bond with only one
other atom. However, a hydrogen atom covalently bonded to
an electronegative donor atom D may form an additional
weak association, the hydrogen bond, with an acceptor atom
A, which must have a nonbonding pair of electrons available
for the interaction:

Ds—__H.s+ + T ar— D&—_H8+ ....... :

Hydrogen bond

The length of the covalent D—H bond is a bit longer than it
would be if there were no hydrogen bond because the accep-
tor “pulls” the hydrogen away from the donor. An impor-
tant feature of all hydrogen bonds is directionality. In the
strongest hydrogen bonds, the donor atom, the hydrogen
atom, and the acceptor atom all lie in a straight line. Non-
linear hydrogen bonds are weaker than linear ones; still,
multiple nonlinear hydrogen bonds help to stabilize the
three-dimensional structures of many proteins.

Hydrogen bonds are both longer and weaker than co-
valent bonds between the same atoms. In water, for exam-
ple, the distance between the nuclei of the hydrogen and
oxygen atoms of adjacent, hydrogen-bonded molecules is
about 0.27 nm, about twice the length of the covalent
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network of hydrogen-bonded molecules. (b) Water also can form
hydrogen bonds with alcohols and amines, accounting for the high
solubility of these compounds. (c) The peptide group and ester group,
which are present in many biomolecules, commonly participate in
hydrogen bonds with water or polar groups in other molecules.

O—H bonds within a single water molecule (Figure 2-8a).
The strength of a hydrogen bond between water molecules
(approximately § kcal/mol) is much weaker than a cova-
lent O—H bond (roughly 110 kcal/mol), although it is
greater than that for many other hydrogen bonds in bio-
logical molecules (1-2 kcal/ mol). The extensive hydrogen
bonding between water molecules accounts for many of
the key properties of this compound, including its unusu-
ally high melting and boiling points and its ability to in-
teract with (e.g., dissolve) many other molecules.

The solubility of uncharged substances in an aqueous en-
vironment depends largely on their ability to form hydrogen
bonds with water. For instance, the hydroxyl group (—OH) in
an alcohol (XCH,0OH) and the amino group (—NH,) in
amines (XCH,NH,) can form several hydrogen bonds with
water, enabling these molecules to dissolve in water to high
concentrations (Figure 2-8b). In general, molecules with polar
bonds that easily form hydrogen bonds with water, as well as
charged molecules and ions that interact with the dipole in
water, can readily dissolve in water; that is, they are
hydrophilic (water liking). Many biological molecules con-
tain, in addition to hydroxyl and amino groups, peptide and
ester groups, which form hydrogen bonds with water via oth-
erwise nonbonded electrons on their carbonyl oxygens (Figure
2-8¢). X-ray crystallography combined with computational
analysis permits an accurate depiction of the distribution of
the outermost unbonded electrons of atoms as well as the elec-
trons in covalent bonds, as illustrated in Figure 2-9.

Van der Waals Interactions
Are Caused by Transient Dipoles

When any two atoms approach each other closely, they cre-
ate a weak, nonspecific attractive force called a van der
Waals interaction. These nonspecific interactions result from
the momentary random fluctuations in the distribution of
the electrons of any atom, which give rise to a transient

COVALENT BONDS AND NONCOVALENT INTERACTIONS L4 37




