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Appendix. Chemistry of Life

All life is possible only through chemistry; all living things are basically
chemical factories. For most people, chemistry is a distant, abstract thing
that has no bearing on their lives, but that feeling is unfortunate because
we live chemistry every moment of our lives, from the chemistry of our
brain that controls our mood and body functions such as heart beat and
breathing to the chemistry of our digestive tract that gives us the energy
necessary to live. Chemistry is broadly divided into organic chemistry, which
is the study of carbon-hydrogen compounds, and general chemistry, which
encompasses the rest of this science field.

As has been known from Greek times, the Universe is composed of
countless minute building blocks called atoms, which come in a wide vari-
ety, each variety being called an element because they’re the most el-
ementary components from which all things are formed. Atoms of an ele-
ment can be broken down into simper parts, but when this is done, these
simpler parts no longer have the properties of the element, such as iron,
from which they came. So atoms are the most fundamental constituents of
matter that retain the properties of a particular substance.

As described in Chapter 6, all atoms are similarly constructed: They
have a small nucleus, where most of an atom’s mass is located, and a cloud
of relatively lightweight electrons that surround this nucleus. This cloud of
electrons is very, very far away from the nucleus in terms of microscopic
atomic distances. The size of the nucleus varies slightly from element to
element because of their various complexity, but is around
0.00000000000001 meters (10-14 m) in diameter. By the same token, the
size of the outer edge of an atom, where the electrons are, varies from
element to element, but is on the order of 0.0000000001 meters (10-10 m)
in diameter. The diameter of the electron cloud is ten thousand times the
diameter of the nucleus. The distance has been likened to a marble, the
nucleus, on the 50-yard line of a football stadium while BBs, the electrons,
whiz around the top of the stands. The space between the nucleus and
electrons, vast by atomic scales, is empty; an atom is mostly empty space.
If it weren’t, everything would be impossibly heavy like a neutron star, and
life as we know it couldn’t exist.

The nucleus is composed of protons that carry a positive electric charge
and, except for hydrogen, neutrons that carry no electric charge. A proton
is approximately 0.14% less massive than a neutron, and an electron’s
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mass is only about 0.05% of that of a neutron. Electrons each carry a
negative electric charge that’s equal in magnitude to that of a proton, so an
atom is electrically neutral.

For all practical purposes, protons, neutrons, and electrons are the most
fundamental particles in the Universe. However, we have discovered that
protons and neutrons are made of more elementary particles called “up
quarks” and “down quarks”. However, quarks can’t exist freely by them-
selves at the ordinary temperature of the Universe; they must be bound
together in protons and neutrons. Thus, protons, neutrons, and electrons
are the most fundamental stable particles. Up quarks carry a positive elec-
tric charge that’s 2/3 that of an electron, and down quarks have a negative
electric charge that’s 1/3 that of an electron.

Protons are made of two up quarks and one down quark, which add up
to a positive electric charge that’s equal in magnitude to that of an electron.
Neutrons are made of two down quarks and one up quark, which add up to
zero electric charge. Electrons are tiny, having a mass that’s just 1/1836
that of a proton, and are not made of anything else; they’re fundamental
particles. Electrons, protons, and neutrons are majestically simple, but com-
bine in a myriad of complex ways to form all the matter in the Universe from
stars to living things. That’s a marvel of God’s wondrous laws of nature.

The wide variety of atoms in the Universe are each identified solely by
the number of protons in their nucleus, from one proton in a hydrogen
atom to ninety two protons in a uranium atom. These ninety two varieties
are all that naturally occur, but several atoms have been artificially made
with more than ninety two protons. These man-made atoms are all un-
stable and don’t exist for a very long time before spontaneously changing
into different atoms with fewer protons. The number of electrons is irrel-
evant to the identity of an element, but it equals the number of protons, so
an atom, and the entire Universe for that matter, has zero net electric
charge altogether. However, atoms can occasionally gain or lose electrons
and become electrically charged because the total negative electric charge
of the electrons no longer balances the positive electric charge of the nucleus;
then they’re called ions instead of atoms. An atom that gains one or more
electrons becomes negatively charged and is called a negative ion, or an-
ion. An atom that loses one or more electrons becomes positively charged
and is called a positive ion, or cation.

Because these various types of atoms are the most elementary forms
of matter, they’re called elements, and each has a name and corresponding
symbol to make referring to it simple. For example, the smallest, least
complex atom is the element hydrogen, or H, which has one proton and
one electron. Most elements have been discovered in only the past 100
years, and these have modern names and symbols that match, such as
Uranium and U. A few have been known from antiquity, and though they
bear modern names, they retain symbols from their ancient names, such
as iron, Fe from its Latin name ferrum, and gold, Au from its Latin name
aurum.
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An atom’s electron cloud has a complex organization. Each electron has
its own, unique place in the cloud, sort of a unique “address”. They inhabit
a series of energy levels that, for simplicity’s sake, are usually called shells,
which can be likened to blocks of a residential community in the sense that
each shell can have only a specific number of electrons living there just like
a residential block can have only a specific number of houses. These shells
are layered from the nucleus outward like residential neighborhoods spread
outward from the town center. Only electrons in the outermost shell, the
suburbs (technically called the valence shell), are involved in chemical re-
actions. A full valence shell always has eight electrons. Like any residential
community, these shells and the electrons’ positions, or addresses, within
them are precisely organized, but the description of that organization is
beyond the scope of this Appendix and unnecessary for its message. The
laws of nature require that all the electrons in a stable electron cloud must
be at their lowest possible energy level.

Electrons can move back and forth among these shells (i.e., change
their address); they can absorb electromagnetic energy and move to a
vacant address in a higher energy level although they won’t stay there for
long and will emit electromagnetic energy and drop back to a lower energy
level. Each movement between levels is associated with a specific, unique
amount of absorbed or emitted electromagnetic energy, called quanta. This
fundamental principle of nature is used in lasers that, among numerous
other uses, record and play CDs and DVDs. This principle is also used to
detect specific atoms in a laboratory such as criminal investigation labs, in
stars, or in clouds of matter in space.

Some elements such as hydrogen, lithium (Li), beryllium (Be), sodium
(Na), magnesium (Mg), potassium (K), calcium (Ca) among others have
only one or two electrons in their outermost (valence) shell. Electrons in
such sparsely populated neighborhoods in the suburbs are not very tightly
bound, so these atoms can easily be persuaded to give them up and donate
them to bonds. They’re donors. Other element such as nitrogen (N), oxy-
gen (O), fluorine (F), phosphorus (P), sulfur (S), an chlorine (Cl) among
others have outermost shells that only need one or two electrons to have a
full shell, so these are eager to accept additional electrons to fill their shells
and have a complete neighborhood. These are acceptors. Chemical reac-
tions are exchanges between donors and acceptors that make every neigh-
borhood in both atoms complete and happy.

Atoms can react with one another to form combinations called mol-
ecules, or compounds. Molecules are often written as a chemical formula
that identifies how many atoms of each kind are included in it. For example,
a water molecule has two hydrogen atoms and one oxygen (O) atom and
has the chemical formula H2O. The number identifying the number of at-
oms is usually written as a subscript. For simplicity, no number is written if
only one atom is present in the molecule. A reaction occurs exclusively
among the electrons in the reacting atoms’ valence shells; the nuclei and
electrons in inner shells are not involved at all. The discovery and study of
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these reactions is the science of chemistry. When atoms react with one
another to form molecules, the atoms’ electrons form the bonds that hold
the molecule together. Altogether, there are five types of bonds, but the
two most common and important are ionic and covalent although hydrogen
bonds are extremely important in deoxyribonucleic acid (DNA) and ribo-
nucleic acid (RNA). There are complex energy considerations associated
with chemical bonds, but they are beyond the scope of this Appendix and
unnecessary to its message.

In ionic bonds, one atom completely loses an electron from its valence
shell, becoming a positive ion, whereas the other atom completely gains an
electron in its valence shell, becoming a negative ion. The ionic bond is
formed by the electrical attraction between the unlike charges of the ions.
A common example is table salt, which is the chemical combination of
sodium (Na), which loses one electron and becomes a positively charged
sodium ion, and chlorine (Cl), which gains one electron and becomes a
negatively charged chlorine ion. Sodium easily gives up an electron (is very
reactive), and chlorine tries desperately to gain an electron (it’s deadly) but
their ions are tranquil because they’re happy as they are and don’t want to
gain or lose more electrons. Thus, although sodium and chlorine are deadly,
table salt is not. Ionic bonds are relatively weak and can be easily broken,
which is why table salt is so easily dissolved in water. Water molecules
easily pull the sodium and chlorine ions apart and hold them.

In covalent bonds, the atoms share electrons, and it’s this sharing that
makes covalent bonds relatively strong. For example, two hydrogen atoms
can share their electrons with one oxygen to form a water molecule, which
is a very stable molecule. Covalent bonds are sometimes illustrated by two
dots, one for each electron, between the symbols of the elements such as
H:O:H for water but more often by a short line joining the symbols of the
elements such as H-O-H for water. Each line represents one shared elec-
tron pair, but its length is meaningless. A virtue of this type of representa-
tion is that it can illustrate the spatial relationship between the atoms and
is, thus, called a structural formula although H-O-H written inline that way
is inaccurate in this respect because the complex electrical attractions be-
tween the nuclei and all the electrons restrict the hydrogens to precise
angles with respect to one another. Hydrogen will share its electron so

Structural Formula of Water
This is a precise depiction of a water molecule. The two
hydrogen atoms are always 104.45 degrees apart, held
there by complex electrical attractions of the oxygen and
hydrogen. The large positive nucleus of oxygen tends to
attract the shared electrons more than the single proton of
the hydrogens. Thus, the oxygen side tends to electrically
look a little negative whereas the hydrogen side looks a
little positive, giving water properties that make it able to
dissolve a wide variety of substances and is why ocean
water is so salty. It’s also a factor in hydrogen bonding that’s
vital to DNA and RNA.
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* Isobutane is no longer the name preferred by the International
Union of Pure and Applied Chemistry (IUPAC), but it will be used here
to emphasize that both isomers have the same chemical formula.

readily with another hydrogen that nearly all gaseous hydrogen exists as a
two-element hydrogen molecule (H2 or H-H).

A hydrogen bond can be approximately described as the attraction a
hydrogen covalently bonded to an atom of one molecule has for an atom of
a different molecule. Covalently bonded hydrogen doesn’t tend to attract
shared electrons to its vicinity because its bondmate inevitably has a larger
nucleus with a larger positive charge that will tend to attract the shared
electrons (called electronegativity), causing them to spend more time there
and less time around the lone hydrogen proton. Thus, to the outside world,
the lone hydrogen tends to look like it has a slight positive charge, called a
partial charge. As previously mentioned, water is an example; the shared
electrons are attracted more to the large oxygen nucleus and spend more
time there than around the single proton of the hydrogens, so the oxygen
side of water looks a little negative and the hydrogen side a little positive.
If this hydrogen side should come into the vicinity of an atom in another
molecule that has a tendency to attract electrons to it and thus have a
partial negative charge, the hydrogen will experience a small electrical at-
traction to the electronegative atom. This is the hydrogen bond. Once again,
water is a good example. The hydrogens in one water molecule will be
slightly attracted to the oxygen in an adjacent molecule, and the two hy-
drogens in one molecule will tend to face the oxygen in the other. However,
water molecules are so active and the hydrogen bonds so weak that the
bonds last only a fraction of a second.

Carbon (C) is unique among all the elements in its ability to form chemical
bonds with others of its kind (other carbons), which is a beautiful, remark-
able feature in God’s laws of nature and what makes carbon so important in
the chemistry of life. We are all carbon-based life. The laws of nature have
given carbon four electrons that it can share; its outer (valence) shell is half
filled. Carbon forms an extremely large number of complex molecules with
other carbons, hydrogen, nitrogen, and oxygen. Carbon can form mol-
ecules that are long strings or closed rings. This makes the structural for-
mula very important because, although they have the same chemical for-
mula, the different structures have different physical properties such as
freezing temperature or boiling temperature that result from the different
structures’ different electrical attractions and repulsions between molecules.

Carbon can form an almost unlimited number of molecules with other
carbons, hydrogen, oxygen, nitrogen (N), and phosphorous (P), and each
of these molecules can come in a wide variety of physical structures called
isomers. For example, a compound of four carbons and ten hydrogens
(chemical formula: C4H10), called butane, has two isomers: a chain called n
butane, and a shorter chain with a carbon-hydrogen side branch called
isobutane.* The two isomers have slightly different physical properties such
as boiling temperature and melting temperature. These different proper-
ties are useful in separating the two from one another.
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Ribose (C5H10O5) is one of the most common molecules in the chemistry
of life. It’s similar to butane but has five oxygen atoms in addition to the
five carbons and ten hydrogens. Ribose can come in both chain and ring
isomers, but only the ring isomer is important in the chemistry of life. It is
the primary structural component of RNA. Ribose also has a form that’s
short one oxygen (C5H10O4) that is called deoxyribose that is the primary
structural component of DNA.

Ribose and deoxyribose are linked together with their own kind by phos-
phate molecules to form long chains that are the rails of a ladder structure.
Complex electrical attractions between these rail molecules twist the rails
into a helix. Molecules called nucleotides, which are made of carbon, hydro-
gen, oxygen, and nitrogen, connect the rails like the steps of a ladder. The
nucleotides are the genetic code, and the macromolecules such as DNA that
carry this genetic code are called genomes, which are the blueprints of life.
DNA can store vast amounts of information in a small space, and research
is underway to find ways to use it as a means to store general data. In DNA
there are four nucleotides   adenine (A; C5H5N5), cytosine (C; C4H5N3O), gua-
nine (G; C5H5N5O), and thymine (T; C5H6N2O2)   that connect the two rails
by pairing up, one nucleotide on one rail and its companion on the other.

The only things holding a nucleotide and its companion together in the
center, and thus holding DNA and RNA together, are weak hydrogen bonds
between them. There are no covalent or ionic bonds between a nucleotide
and its companion on the opposite rail. Even though the individual hydro-
gen bonds are weak, DNA has millions of them, so the aggregate is rela-
tively strong. It’s important that the bonds between nucleotides be weak
because the nucleotides must be separated when the DNA molecule or one
of its genes is copied. This little, yet remarkable, feature of individual weak-
ness and aggregate strength is one of the countless, astounding, small but
vital wonders of the laws of nature that suggest an infinite intelligence
created them. To study the wonders of science is to gain an imperfect
glimpse of the perfection that is God. In RNA, thymine is replaced by uracil
(U; C4H4N2O2), which has a ring structure similar to thymine and forms
identical hydrogen bonds.

Isomers of Butane
Both the chain form, n butane, and iso butane have the chemical formula C4H10, but one of the
carbons and its hydrogens in iso butane is branched off into a side chain. Side chains are
ubiquitous in the chemistry of life.
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The nucleotides are rings of carbon and nitrogen; two nucleotides, cy-
tosine (C) and thymine (T), each have one ring whereas the other two,
adenine (A) and guanine (G), have two rings. The nucleotides can pair up
only in specific ways: A with T and C with G. There are two reasons for this:
a one-ring nucleotide must pair with a nucleotide that has two rings instead
of one with one or two with two to keep the rails a uniform distance apart;
also the sites for hydrogen bonding must match. The only pairings that
satisfy both criteria are A with T and C with G. No other pairings are pos-
sible, so once the sequence of nucleotides on one rail is established, the
sequence on the other rail is uniquely determined. A nucleotide in DNA or
RNA is usually called a “base,” and a base along with its companion on the
other rail is called a “base pair.” The string of bases and their rail are called
a “strand.” The specific sequence of bases along the strands are what forms

Ring Isomers of Ribose and Deoxyribose
The carbons of all carbon-based molecules are numbered, 1 through 5 for ribose. This is so the
location of side chains can be identified because, as noted for butane, different locations can
give the substances slightly different physical properties. In ribose, four of the oxygens are
paired with hydrogens, which is a common pairing in chemistry and called hydroxyl (OH).

The Four DNA Nucleotides Connected
These are the structural formulas of the four nucleotides showing the hydrogen bonds (dashed
lines) connecting them in DNA. For simplicity’s sake, lone hydrogens bonded to a carbon, such
as the one on the far left of guanine and adenine and the right of cytosine and thymine, are often
not shown. Only the line representing the shared electrons is shown. Where each nucleotide
connects with deoxyribose is also shown in these diagrams.
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the genetic code, and any alteration in the sequence constitutes an error or
a mutation. The chemical structural formulas of DNA in the figures of this
Appendix are shown only in textbooks; in practice, only the chain of base
symbols like the strand of the Virginia opossum’s VIT gene on Page 89
(TGGAAAAGAAGT).

Living things are composed of a cell or group of cells that use raw
material from the environment to maintain themselves and to reproduce
(i.e., make copies of themselves). Cells are the fundamental essence of life,
and in many, many instances, such as bacteria, are life itself. It is within
cells that the chemistry of life proceeds. All cells except mammalian red
blood cells contain DNA or RNA that gives them the power to reproduce  the
complete lifeform and, excepting viruses, to do the chemistry necessary to
maintain life. That viruses can’t do chemistry necessary to maintain life or
to even reproduce without external assistance is why they are considered
to straddle the fence between life and inert matter. Some viruses, called
riboviruses, carry their genetic code in RNA that is usually single-stranded
(i.e., has only one rail) although other viruses have double-stranded RNA
(i.e., have both rails of the ladder). Human diseases caused by riboviruses
include Ebola hemorrhagic fever, HIV, SARS, smallpox, common cold, influ-
enza, hepatitis C, West Nile fever, polio, and measles. Some RNA viruses,
called retroviruses, carry their genetic code as RNA, but once inside the
target cell, uses their own enzymes to produce DNA from its RNA, which is
the reverse of the usual pattern, hence the term “retro”. Bacteria and all
multicellular life carry their genetic code as DNA.

DNA is a cell’s controller and, thus, in a larger sense, life’s controller.
Multicellular life begins as a single cell, and DNA controls that cell’s destiny.
In multicellular life, DNA has two important functions: it first directs the
development of a complete life form from a fertilized egg; then it directs
the chemical processes in cells in order to maintain life. Multicellular life
begins with a construction mode that causes the cells to divide into daugh-
ter cells, and all daughter cell to divide repeatedly until the aggregate reaches
the form dictated by the DNA (e.g., plant or animal). This construction
mode is controlled by a suite of genes called the Hox genes. In animals, the
construction mode ends (the Hox genes turn off) when the individual reaches
the proper form of its kind: head and its parts in the proper place, the
proper number and placement of appendages, the proper number and place-
ment of organs. In animals, this construction phase is quite complicated
because many cells, such as liver or brain, must be programmed to their
specific job and must move to the correct place.

When a cell divides to produce two daughter cells, the DNA molecule is
“unziped” by enzymes that break all its hydrogen bonds, separating it into
two rails with their respective nucleotides attached. These nucleotides then
pair with new mates that bond to a second deoxyribose rail, thereby dupli-
cating the DNA molecule.

The chemical processes that maintain life are carried out in cells by
macromolecules called proteins, which are assembled in the cytoplasm out-
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side the cell’s nucleus. Proteins do nearly all of the work in cells and are
required for the structure, function, and regulation of the body’s tissues
and organs. For example, the enzymes that unzip DNA are proteins. DNA
codes for the manufacture of these proteins; that’s its sole purpose in
plants and in post-construction animals. In general, one gene codes for one
protein, but a few genes produce other molecules that help the cell as-
semble proteins. Proteins are made of hundreds or even thousands of smaller
molecules called amino acids that are attached to one another in long chains.
There are 20 amino acids that can be combined to make a protein, and the
sequence of amino acids determines each protein’s specific function.

Nature has evolved a unique and complex method of translating DNA
sequences of four bases into protein sequences of 20 amino acids. The first
task of this method is to break the hydrogen bonds holding together the
two strands of the proper gene, or ‘unzip’ the gene, and copy (transcribe)
the sequence of bases onto an RNA rail. This is done in the nucleus. Accord-
ing to Scitable, Nature Education, thousands of transcripts are produced
every second in every cell. As mentioned earlier, DNA’s thymine is replaced
by uracil in RNA. The RNA copy is called messenger RNA, or mRNA, and is
single stranded. After being ‘corrected’ in a special part of the nucleus
called the nucleolus, the mRNA then leaves the nucleus and finds a ribo-
some where its message is decoded (translated) into a protein. Ribosomes
are macromolecules composed of three or four RNA molecules (ribosomal
RNA, or rRNA) and more than 50 protein molecules, all of which are inter-
connected to form the site where proteins are synthesized according to the
coded blueprint carried by mRNA. According to the British Society for Cell
Biology, a mammalian cell contains millions of ribosomes, but each has
only a temporary existence. They are constantly being replaced by new
ones constructed in the nucleolus.

Ribosomes ‘read’ the mRNA three bases at a time because a combina-
tion of three bases is necessary to code for a particular amino acid. That’s

tRNA in Protein Synthesis
This schematic, based on an illustration in Wikipedia, illustrates the role of tRNA in protein
synthesis.
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the only way four bases can select the correct one from twenty amino
acids. Four bases alone could uniquely select only four amino acids, and the
possible combinations of the four bases taken two at a time could uniquely
select only sixteen amino acids. Thus, three bases are necessary, which
then could also include start and stop signals. The three-base sequence is
called a codon. The three-base sequence that would be formed by the
codon bases’ complementary bases, such as G for C, is called the antic-
odon. For example the anticodon for AGC is UCG where U is uracil that
replaces DNA’s thymine in RNA. The anticodon is used by transfer RNA.
Combinations of four bases taken three at a time could uniquely select
many more than twenty amino acids, so the system has redundancies in
which more than one codon selects the same amino acid. For example
mRNA codons UCU, UCC, AGU, UCA, UCG, and AGC (which corresponds to
DNA sequences TCT, TCC, AGT, TCA, TCG, and AGC) all select the amino
acid called serine.

Transfer ribonucleic acid (tRNA) is a type of short (typically fewer than
100 nucleotides long) RNA molecule that helps decode a messenger RNA
(mRNA) sequence into a protein. Transfer RNA carries amino acids to the
ribosome to be linked into the chain that forms a protein. There is a unique
tRNA for each of the 20 amino acids and each also carries the proper anti-
codon unique to its particular amino acid that acts as the identifier of its
codon in mRNA. The codon-anticodon pairing ensures no mistakes are made
in assembling proteins. When a tRNA anticodon recognizes and binds to its
corresponding codon in the ribosome, the tRNA transfers its appropriate
amino acid to the end of the growing amino acid chain.

Proteins have various lifetimes, ranging from a few hours for those that
regulate cellular processes to many years for those in membranes of neu-
rons. Thousands of proteins are being constructed at any given moment,
so degradation of old proteins is a very important part of cellular mainte-
nance. They are continuously scanned to identify and mark unneeded,
damaged, or abnormal ones for deconstruction. Most are degraded in large
molecules called proteasomes, but others, such as those in the cell’s mem-
branes. are degraded in a special membrane-enclosed compartment, or
organelle, called a lysosome. After they are deconstructed, their amino
acids are available for new proteins. It’s a large recycling process among
tiny things.

The amount and variety of activity in progress at any instant in cells,
from transcribing thousands of mRNA, manufacturing thousands of pro-
teins and deconstructing thousands more while millions of proteins and
RNA molecules go about their business of aiding chemical reactions or car-
rying molecules from one place to another, all while seldom making irre-
trievable mistakes, is astounding. Living cells are one of the greatest mar-
vels of God’s Universe.




