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Preface

This book has a curious history. It evolved, like its subject, from a much simpler
beginning. Both the authors have had long-standing common interests in the
proteins and processes of oxygen transport in animals. During a sabbatical year
that KvH spent in the laboratory of HD, our discussions broadened to encompass
the much deeper question as to how oxygen transport, and indeed oxygen utiliza-
tion, were related to the evolution of life. As we considered the geological and
paleontological evidence, it became clear that changes in the earth’s atmosphere
and biological evolution have been, and continue to be, interrelated in complex and
fascinating ways. Furthermore, these relationships have important implications for
human health and humanity’s future.

Thus, the book grew outward from its original focus on oxygen transport,
sometimes into areas in which we must confess less confidence than we would
like. But, we must ask the reader’s indulgence, for we feel that the fascination of the
whole story such that it is vital to try to tell it.

One of us (KvH) wishes to express his thanks to the Alexander von Humboldt
Foundation, whose generous support allowed the sabbatical in the Decker labora-
tory. Later, both started the book at the stimulating environment of the Marine
Biological Laboratory at Woods Hole where HD spent his sabbatical.

Some readers may find Chapter 1 daunting, with too much dry chemistry. Skip it
if you wish! Although we feel that it provides a useful background for the rest of the
book, most of the following Chapters can be read intelligently without this material.

We would like to thank Dr. Helmut Konig, Dr. Wolfgang Miiller-Klieser, and
Dr. Harald Paulsen (University of Mainz) for critical reading of several parts of the
book and Christian Lozanosky for his help with the figures. We also thank Dr. Jutta
Lindenborn (Springer) for all her help with the publishing process.

We would like to express our thanks to our wives, Ina Decker and (the late)
Barbara van Holde for their patience during the past years.

Mainz, Germany Heinz Decker
Corvallis, OR, USA Kensal E. van Holde
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Oxygen, Its Nature and Chemistry: What
Is so Special About This Element?
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1.1 A Brief Introduction to Oxygen

It would seem that an introduction to oxygen is unnecessary, for we deal with it and
depend upon it every moment of our lives. Oxygen is to us the essential stuff of the
air we breathe. We are aerobic animals who obtain energy by oxidizing foodstuffs.
As such, we are wholly dependent on oxygen for life — go without it for a couple of
minutes and we panic and may even suffer irreversible brain damage. In a few more
minutes, we perish. Animal metabolism depends upon oxygen for almost all of its
energy-generating processes. Yet this was not always so. Early in the history of the
Earth, there was essentially no free oxygen anywhere, although oxygen has always
been one of the most abundant elements on Earth. In the early Earth, virtually all
oxygen was bound in compounds, mainly water and silicate rocks. Primitive
microbes managed life without free oxygen. Examples of this less efficient anaero-
bic metabolism still persist, such as bacteria that live in oxygen-poor environments.
Remarkably, just as most life today depends on oxygen, so also the Earth’s supply
of free oxygen depends, in turn, on life. Virtually all of the free oxygen in our

H. Decker and K.E. van Holde, Oxygen and the Evolution of Life, 1
DOI 10.1007/978-3-642-13179-0_1, © Springer-Verlag Berlin Heidelberg 2011
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environment comes from plant photosynthesis, and it was the evolutionary inven-
tion of this process, nearly 3 BYA, that turned the initially anaerobic world into our
present aerobic one. Our Earth is the only planet in the solar system exhibiting
significant amounts of free oxygen, which may signify that Earth is the only one on
which life (or at least advanced life) has evolved.

The introduction of oxygen into an anaerobic world brought problems for the
then-existing organisms, for many of the by-products of oxygen metabolism are
toxic substances. Chemical defenses had to be erected against these; we still find
them in our own chemistry today. On the other hand, certain organisms evolved
aerobic metabolic pathways, much more efficient than the anaerobic ones. These
were the ancestors of all animals and higher plants.

There are still deeper reasons why oxygen is essential to life. Water is the ideal
milieu for biological processes and structures, and oxygen is essential to water.
Furthermore, the element hydrogen is required in almost all organic compounds and
structures, but free hydrogen is easily lost into space from a small planet like ours. It
is only by virtue of the binding of hydrogen by oxygen to form water that there
remains any significant amount of this vital element on Earth. Without binding to
oxygen almost all hydrogen would have been lost ages ago.

This book will explore the history of oxygen, from its genesis in stars to its role
in reshaping the Earth and its creatures. We will find its history is entwined with
evolutionary and geological history in remarkable and often unexpected ways. But
to understand this, it is best to consider first some fundamental properties of this
intriguing element, properties have allowed it to play its unique note and that
which stem directly from its atomic structure. Thus an introduction to oxygen is
necessary.

1.2 Atomic Structure of Oxygen: Chemical Bonding Potential

What an element can do, what compounds it will form, and what properties it has
depends on its atomic structure. We begin our analysis of oxygen with the atom’s
core, the nucleus. The number of protons in a nucleus gives its atomic number and
its positive charge. Add the number of neutrons and you have the atomic mass.
The nucleus of the most common isotope of oxygen contains eight protons and
eight neutrons, and thus has an atomic number of 8, and 16 atomic mass units. It is
designated in conventional shorthand as '°O. There exist other isotopes (mainly
70 and '®0) differing in numbers of neutrons, but they are found in nature in very
small amounts. With eight positively charged protons, one needs eight negative
electrons to make a neutral atom. Quantum-mechanical theory tells us how these
electrons must be distributed in the space around the nucleus. This is not in the
circular “orbits” depicted in the earlier atomic theories (and often still in popular
illustrations). Rather, according to quantum mechanics, we can only describe the
electron distributions in terms of “orbitals,” regions in space where the electrons are
most likely to be found. There are strict quantum-mechanical rules regulating how
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orbitals can be filled up as we add electrons to a nucleus. The orbitals available for
the lowest energy state are described as follows. There is a lowest energy orbital,
closest to the nucleus, called 1s which is a spherically symmetrical could about the
nucleus. Further from the nucleus is a symmetric 2s orbital, and then four so-called
2p orbitals. These latter are asymmetric and directional as pictured in Fig. 1.1a.
A fundamental rule is that each orbital can accept no more than two electrons, and
these pairs must be of opposite spin. Originally spin was interpreted as it sounds
like, a “spinning” of the electron but a quantum mechanical interpretation would
simply emphasize different responses to a magnetic field. Each electron has only
two possibilities for its spin, designated 4+ or —. We use here only a few general
concepts from quantum mechanics. A clear, but more sophisticated discussion is
found in Tinoco et al. (2002).

Now we have enough information to describe the possible electronic structures
of the oxygen atom. With eight electrons to distribute, we first put two in the s
orbital, two in the 2s, and have four left for the 2p’s. In general the lowest overall
energy is obtained by pairing electrons of opposite spin, so in forming the ground
state (the lowest energy state) we fill only two of the 2p orbitals, leaving two empty.
Note that in forming bonds with other atoms through the 2py, 2p, and 2p, orbitals
band angles will be close to 90° and thus awkwardly forced. To relieve that strain,
oxygen and some other atoms such as carbon, at least when forming compounds,
actually rearrange orbitals somewhat. The 2s and 2p orbitals get mixed or “hybri-
dized” to make four sp® “hybrid” orbitals that are aimed toward the corners of a
tetrahedron as shown in Fig. 1.1b. There are six electrons to put into this set (two 2s

FNEL o 4

Fig. 1.1 Orbitals for oxygen. (a) Lowest energy atomic orbitals for oxygen; here are depicted (not
to scale) the 2s and 2p orbitals; those that are available to oxygen. The 1s orbital is spherical and
concentrated closer to the nucleus than the 2s. The ground-state occupancy by electrons is
indicated by the arrows denoting spin. (b) Hybrid Orbitals. sp* hybridization. Four orbitals are
produced by a “mixing” of one 2s and three 2p orbitals pointing to the four edges of a tetrahedron



4 1 Oxygen, Its Nature and Chemistry: What Is so Special About This Element?

electrons and four 2p electrons). Two orbitals will have spin-paired electrons, and
two will each have one unpaired electron. These sp® orbitals point in the direction
toward the four corners of a tetrahedron (Fig. 1.1b) with bond angles of about 109°.

With these simple rules, we are in a position to explain the most important
aspects of oxygen chemistry. First, note that when an atom has only partially filled
orbitals, it is almost always energetically favorable to fill them. With the oxygen
atom, this can be done in two different ways. First, oxygen may simply gain two
electrons from some other atom (a metal M, for example) to form an ionic
compound in which oxygen exists as the oxide ion, O>. For example:

M+ 0 — M** + 0>

Alternatively, oxygen may share two electrons with another atom or atoms, in
covalent bonds. This is what happens when oxygen combines with hydrogen to
form water, as shown in Fig. 1.2a. The angle between the two oxygen—hydrogen
bonds is 104.5°, being slightly different from the value expected for a tetrahedron
(109.5°) as a consequence of electron—electron repulsion between the two pairs of
electrons.

The covalent bonds of oxygen are quite stable, and much of Earth’s chemistry is
explained by this fact. For example, the abundance and stability of the silicates such
as quartz, that make up much of the Earth’s crust depends on the strength of the
covalent Si—O bond and the vast amount of water depends on the O-H bonds.

Oxygen can form covalent bonds with a number of elements, but exceptionally
important for life are those with carbon. The enormous variety of these “organic”

a b hydrogen bonding

CV
.......... ‘

Fig. 1.2 (a) Water structure. The electron structure of an individual water molecule: The
nonbonded electron pairs of the two orbitals can act as hydrogen acceptors. The oxygen atom
(O) in the center is shown in black, hydrogen (H) in gray. The symbols 8~ and 87 indicate partial
charges on the two sides of the molecule. The angle between the two hydrogen binding orbitals is
104.5° instead of 109° in a tetraedric state sp> hybridisation. (b) Hydrogen bonding in water
between water molecules. Each molecule acts as both a hydrogen donor and a hydrogen acceptor,
allowing clusters of water molecules to form (Mathews et al. 2000)
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compounds is enriched by the numerous possibilities for O—C bonding, as in the
atomic groups:

hydroxyl: —C — OH
carbonyl: —C =0
ether: -C -0 —-C —,

etc.

Equally important for biological functions is the strong tendency of the oxygen
atom to form noncovalent sydrogen bonds. This is a consequence of the existence
of the two filled sp> orbitals on the oxygen atom. Even when it is making covalent
bonds with other atoms via the half-filled orbitals, the “lone pair” electrons in the
remaining two sp° orbitals will still strongly attract protons on other molecules (see
Fig. 1.2b). These hydrogen bonds play a major role in forming the structures of
proteins, nucleic acids, and water (see below).

All of these properties of oxygen are an inevitable consequence of the physical
laws of our universe and the subatomic structure of the oxygen atom. As we shall
see in Chap. 2, the existence of oxygen atoms is in turn a necessary result of the
evolution of the universe.

1.3 The Dioxygen Molecule

Virtually all of the oxygen in the air we breathe is present as the diatomic molecule
O, which is correctly called dioxygen. This is an extremely stable molecule, in
which the atoms are held together by very strong covalent bonding. In elementary
chemistry, covalent bonding is described in terms of electron sharing between
atoms. This is basically correct, but we need a more detailed and sophisticated
picture, to understand the peculiar properties of O,.

To describe the electron distribution in a covalent bond in quantum-mechanical
terms, we need to invoke the concept of molecular orbitals. These orbitals are not
only constructed from the atomic orbitals of the atoms involved, but they also take
into account electron sharing between partners — the essence of a covalent bond.
There are two classes of such orbitals — those that arise from overlap and merging of
atomic orbitals (bonding orbitals), and those in which the atomic orbitals repel one
another (antibonding orbitals) (see Fig. 1.3). Finally, the geometry of molecular
orbitals falls into two major classes (for small atoms). Those that lie along the axis
between the two nuclei are called sigma ()-orbitals, and those that lie parallel to,
but off this axis are pi (n)-orbitals. Thus, the water molecule pictured in Fig. 1.2a is
held together by two sigma bonding orbitals formed from hydrogen 1s orbitals and
2sp? hybrid orbitals of the oxygen.
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anti-bonding
Be e A
2p*
B e e A
B e e A
\YB(2py) lI',A(Zpy)
2py
bonding

Fig. 1.3 Formation of bonding and antibonding m orbitals. The particular orbitals can be
described by a function W which represents the electron distribution in space

With this very brief introduction we can look in more detail into the electronic
structure of the O, molecule. There is no magic microscope to reveal this, rather all
has been deduced from many careful experiments and theoretical calculations. The
picture that emerges is shown in terms of an “energy level diagram” in Fig. 1.4. The
two oxygen atoms together carry 16 electrons. Four of these are in o(1s) orbitals,
and thus, yield no net bonding. This leaves twelve electrons in the outer shell. The
2s electrons form one bonding and one antibonding orbitals, and thus contribute
no net bonding. Two of the 2p electrons form a c(2p,) bonding orbital, and four
more form two m bonding orbitals. This leaves two more electrons. They could
be distributed in a number of ways, but in the oxygen “ground state” (the lowest
energy state) they exist unpaired in two different antibonding m orbitals (see
Fig. 1.4). The spins can add + or —, or cancel. These three possibilities (4, 0, —)
yield a “triplet state” for the molecule. To emphasize this we will sometimes
designate molecular oxygen in its ground state as *O,. Now we can calculate the
net number of bonding electrons. In sum: of the twelve p electrons discussed above,
eight are in bonding orbitals, four in antibonding. This leaves a net excess of four
bonding electrons, which corresponds to two “classical” covalent bonds, in the
traditional representation of the oxygen molecule as O=O0.

The existence of two unpaired electrons in a molecule is very unusual and
gives triplet oxygen some unique properties. For one, it means dioxygen must be
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Fig. 1.4 Schematic — O0*(2py)
molecular orbital energy level

diagram for the molecule O,

in its ground state. The

relative energy levels of the ¢ [1*(2p,) —— —— [1*(2p:)
and  electrons are

schematically shown in the

bonding and antibonding

levels [1(2py) —e—e— —e—— [1(2p.)

—o-o— O(2py)
—-o— 0%(2s)

——o— O(2s)

Energy

—o-o— O0*(1s)

——o— O(1s)

0=0

Double Bond

paramagnetic, and therefore attracted to the poles of a magnet. This was in fact
discovered by Michael Faraday in 1845! Second, it tends to make ground state
(triplet) oxygen less reactive than one might expect. The reason for this is a bit
complicated. The rate at which a molecule such as oxygen can react with another
molecule depends on how easily the “transition state” (an intermediate state of the
two interacting molecules on the path to completion of the reaction) can be formed.
The transition state often involves one molecule temporarily accepting a pair of
electrons from the other. That can be easy if the ground state of the acceptor contains
an empty orbital which can be shared temporarily with a filled orbital on the other
reactant. But with triplet oxygen, the accessible orbitals are each half filled, and
neither can accept an electron pair. Unless the other reactant also has an unpaired
electron (which we said was rare) transitions are difficult and reactions are slow.

This is actually fortunate for us, for if reactions with oxygen were generally
rapid, they would be uncontrolled. Our oxygen — based metabolism depends on the
fact that the presence of catalysts favors particular desired oxidation reactions, and
oxygen is not wasted in fruitless consumption (see Chaps. 3 and 4). Furthermore,
the dioxygen molecule can persist in the atmosphere for long periods, which more
reactive molecules such as Cl, cannot.
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It is possible, by the introduction of a small amount of energy, to shift the orbital
distribution of electrons to remove the unpairing by shifting both TE*Zpy electrons
into one orbital. This produces what is called “singlet oxygen” designated 'O,. The
singlet state has zero net electron spin (all spins are paired) and is therefore not
paramagnetic. Furthermore, singlet oxygen is highly and rapidly reactive, because
it has an unoccupied orbital, and so does not suffer the same inhibition in forming
transition state complexes as does triplet oxygen. As we shall see (Chap. 3), this has
important consequences when living creatures have to deal with dioxygen. We
provide here a brief view of the chemistry of some reactive forms obtained from
dioxygen.

1.4 Reactive Oxygen Species

A number of reactive oxygen derivatives can result from the reaction of the singlet
and triplet states of dioxygen with themselves or with other compounds. Only a
handful of these are of importance in living systems. Their chemical properties and
generations are briefly introduced here; their biological significance will be consid-
ered in detail in Chap. 3, and some of their medical consequences in Chap. 8.

1.4.1 Superoxide '0, "

Triplet oxygen can easily accept an electron resulting in a radical superoxide
('0,7") with a negative charge and singlet state, since one of the 7*2p orbitals is
now filled with an electron pair (For nomenclature we shall use “1” indicating the
singlet state, the asterisk “*” the radical property).

302 4 e—_)lo2—*

Interestingly, Linus Pauling predicted, as early as 1931, the existence of superox-
ide, based entirely on quantum mechanical considerations. This radical, however, is
not itself very harmful in biological systems and does not cause much oxidative
damage.

The main reaction of superoxide is to react with itself and hydrogen to produce
hydrogen peroxide and triplet oxygen,

210,7* + 20 — H,0,+°0,

This superoxide dismutation can occur spontaneously or can be catalyzed by the
enzyme superoxide dismutase.
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1.4.2 Hydrogen peroxide (H,0,)

Reduction of superoxide (102_*) by addition of an electron delivers first another
activated form of oxygen which is termed peroxide ((0,%7). When the negative
charge of —2 is neutralized by two protons the product is hydrogen peroxide (H,O,).
Although H,O, is not very reactive, it is a precursor of the very reactive and
damaging hydroxyl radical (HO"). Thus, superoxide can also be considered a pre-
cursor of (HO"). This can occur if superoxide acts as a reducing agent by donating
one electron to reduce a metal such as ferric iron (Fe’”). In a second step the reduced
ferrous iron Fe*™ promotes the breaking of the oxygen—oxygen bond of hydrogen
peroxide (H,0O,) to produce a hydroxyl radical (HO*) and a hydroxide ion (HO™).
The overall process, called the Fenton reaction proceeds as follows:

(superoxide radical) 'O, * 4 Fe’" — (peroxide) 30,%~ 4 Fe*"
30,2 + 280 — (hydrogen peroxide) H,O,
Fe’t + H,0, — Fe’* + (hydroxyl radical) HO* + (hydroxyl ion) HO™
The hydroxyl radicalh(HO*) can now react with superoxide 'O, forming reactive
singlet oxygen ('0,"). Alternatively, the hydroxyl radical can react with many
substances in the cell, with accompanying damage.

Another reaction is termed the Haber—Weiss reaction:

10,7 + H,0, — 30, + OH™ + OH*

This chain reaction is biologically dangerous because it is readily catalyzed by
common metals, and produces highly reactive substances.

1.4.3 Peroxyl radical (ROO)

The highly reactive hydroxyl radical HO" can add to a substrate R (e.g., a carbon
compound) forming a radical HOR ", which could also further react with a ground-
state triplet oxygen to produce a peroxyl radical (ROO").

HO* + R — HOR*

HOR" + *0, — HOROO*

The various oxygen radicals have different lifetimes between 10~ '* seconds and
a few seconds depending on their reactivities (Table 1.1). All of these reactions,
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Table 1.1 Lifetime of radicals: the stability of the various oxygen species can be described is by
their lifetimes (Sies and Stahl 1995)

Nitritoxiradical (NO") 10710
Hydroxyl radicals (HO") 107%s
Alkoxyl radical (RO") 107°%s
Peroxyl radical (ROO") 7s
Singlet oxygen ('0,)" 10's

100
S
=
g
o
o
[}
2
s
T 50

1 1 1 1
L] I I 1

0 1 2 3
reduction equivalents per oxygen

Fig. 1.5 ROS reactions-redox potentials of oxygen species. The stepwise reduction of dioxygen to
water is indicated (Elstner 1990)

producing some highly reactive species, are summarized in Fig. 1.5. We shall return
to a more detailed consideration of these reactions and their biological consequences
in Chap. 3, and some of their consequences for human medicine in Chap. 8.

1.5 Ozone

There exists a second molecular form of oxygen called ozone (O3). The ozone
molecule involves m-orbitals that extend over all three oxygen atoms and
o-bonding orbitals that connect adjacent oxygen atoms to the central oxygen
atom. This accounts also for the overall triangular shape of the molecule (Fig. 1.6a).

Ozone is formed when dioxygen is exposed to certain high energy sources,
notably ultraviolet light or electrical discharge. The latter explains the acrid odor
of ozone we notice during thunderstorms and around high-voltage equipment.
Ultraviolet light must have wavelengths shorter than about 250 nm to produce
ozone. This reaction involves first the splitting of the dioxygen molecule into two
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Fig. 1.6 Ozone. Three ® ®

oxygen atoms form the ozone o o

molecule p /7 \ @ < C/D /7 N\ \
(o} \0/ \o/ [o)

oxygen atoms; either of these can then add to an O, molecule to make an O;
molecule. In nature this reaction occurs only above about 20 km above the Earth’s
surface. A concentration of 10°~10° molecules ozone/cm® is measured. At lower
altitudes the short-wavelength UV light from the sun is completely filtered out by
O, absorption, and thus cannot form ozone.

Thus, ozone is being continuously generated in the stratosphere. It is also
consumed there by another photochemical reaction driven by longer wavelength
UV light which cleaves O3 back to O, + 'O, producing an excited singlet state
oxygen radical. The ozone absorption band for this cleavage centers at about
255 nm. Because of these opposing reactions, ozone in the stratosphere should
come to a steady-state value which is sufficient to prevent much light of wave-
lengths of below about 300 nm from reaching the Earth’s surface. This is fortunate
for life, for light between 200 and 250 nm is able to destroy covalent bonds and
therefore damage essential biomolecules. Indeed, UV radiation in this wavelength
range is strongly absorbed by proteins and nucleic acids, with very deleterious
results. In earliest times, life must have been confined to subsurface regions in the
sea or land until enough O, appeared in the atmosphere to generate an ozone
“shield”.

Note that the ozone formation reaction depends on the concentration of oxygen.
A consequence is that the ozone “shield” lies at around 20—30 km above the Earth’s
surface. At higher altitudes there is not enough oxygen to form much ozone, and at
lower levels there is not enough short wavelength UV light penetrating to generate
much. In addition, some long-wavelength light gets through to lower elevations and
destroys ozone.

Ozone produces a second kind of protective effect through chemical “cleaning”
of the atmosphere: The hydroxyl radical is most important for this, since it converts
many compounds to water soluble forms, which will come down to Earth in
rainfall. The reaction for HO" formation starts with

O3+ hv — 101* + O3,

with '0;" being an excited oxygen radical in a singlet state. Together with water
this reacts to form two hydroxyl-radicals:

'0,* + H,0 — 2 HO*

This radical can react with many atmospheric contaminants. For example with
nitrogen oxide NO, it yields nitric acid HNOs3, which will fall down to as acid rain.

The term “ozone shield” is appropriate, because the protective effects are caused
by a definite layer of ozone in the atmosphere.
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Ozone and atomic oxygen are extremely reactive, so that the ozone shield is very
vulnerable to reactive molecules introduced into the stratosphere. Before human
industrial activity, this was uncommon. But more recently we have become the
source of damage to the shield. Nitric oxides from jetliners, chlorine from chlori-
nated hydrocarbons, and many other sources now threaten this protection. Fortu-
nately, through international cooperation, the use of halogenated hydrocarbons has
been severely limited in recent years.

1.6 Water

The next sections include a brief description of two oxygen compounds — water
and carbon dioxide. Both have played major roles in the evolution of life on Earth.
A great deal of the Earth’s oxygen is contained in water. About 70% of Earth’s
surface is covered by water and these oceans have long served as the major habitat
of life. Organisms themselves consist of between 60 and 95% of water. Thus, water
is fundamental to life. Water has particular and unusual properties due to the special
electronic structure of the water molecule, which in turn is the consequence of the
electronic structure of oxygen.

This structure has a general consequence that water molecules tend to associate
together over a wide temperature range. For example because of the fact that the
filled sp® orbitals of the oxygen lie on one side of the water molecule and the
two protons are bound to the other side, a strong electric dipole is established.
Thus, water molecules attract one another by dipole—dipole interaction. Even more
important: water molecules also interact with each other by the stronger hydrogen
bridges (Fig. 1.2b). These have a major influence on the properties of water, for
water molecules form large flickering clusters held by hydrogen bonds (Fig. 1.7).
The average lifetime of the water clusters is calculated to be between 10 '° and
107" s. The size of these clusters depends on the temperature (Frank and Wen
1957; Nemethy and Scheraga 1962). Up to about 250 water molecules are asso-
ciated in the average clusters at temperatures close to the melting point and about
60 at 25°C.

This clustering explains the high viscosity of water at low temperature and its
rapid decrease with increasing temperature. The lesser stability of biomolecules at
higher temperatures is also largely a consequence of their interaction with water
clusters. The interaction with water through hydrogen bonds is important for the
stabilization of biomolecules such as proteins in solution, when they are “masked”
by water molecules. The water forms hydration shells around the biomolecules,
stabilizing their 3D structures. A proof for this is the uptake and release of bound
water molecules by a protein when it switches between different conformations
as observed, for example, when the cooperative oxygen carriers hemoglobins
and hemocyanins switch between a low or high affinity state (Miiller et al.
2003; Hellmann et al. 2003). An additional stabilization is due to the fact that the
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Fig. 1.7 Flickering clusters of water molecules. The water molecules form clusters and break the
hydrogen bonds again within 10™'" s (Nemethy and Scheraga 1962)

hydration shell is “crosslinked” by clusters. Above about 50°C thermal fluctuation
hinders the formation of clusters. As a consequence the stability of most proteins is
reduced and they unfold easily under such conditions.

As temperature is lowered, the clustering of water molecules due to hydrogen
bonding increases until at 0°C ice is formed. Here, the cluster size is essentially
infinite, and every water molecule sits in the center of a tetrahedron in which
four other water molecules are bound through hydrogen bonds. This is energeti-
cally very favorable for water, but it is far from close packing (Fig. 1.8). When
balls are most densely packed, one ball coordinates with 12 other balls and 74%
of the space is occupied. However, in ice, only 42% of the volume is occupied by
water molecules. Thus, ice has a lot of empty space; in fact it is less dense than
water and thus floats on top. For the solid form of a compound to be less dense
than the liquid form is very unusual. This unusual behavior is also fortunate for
life. If ice were denser than water, the oceans and lakes would long ago have
frozen from the bottom, leaving only a thin band of cold water, even in the
warmest climates. Thus, water with the highest density at (4°C) will always be
found well below the ice shield in a lake, providing space for organisms to
survive. Freezing of organisms is usually fatal, for formation of ice crystals will
destroy the cells.

Incorporation of ions in water or blood has a major impact on fluid properties.
Ions destroy the local water clusters by forming water shells around themselves.
These water—ion clusters may either stabilize the structure of biomolecules or
unfold them.
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ice water

Fig. 1.8 The structure of ice and water. The oxygen atoms (red) and hydrogen atom (gray) are
drawn as “spacefilling” models to illustrate how much free space there is in ice between the atoms.
Note that water molecules are more crowded. This explains why frozen water needs more volume
(Courtesy of Hermann Hartmann)

Water also possesses another feature which is important for life. Each biomole-
cule has a net charge, some positive, some negative which should lead to association
between opposite charge types. With its strong dielectric property, water is able to
lower the electrostatic interaction between the macromolecules by about 100-fold
from the value it would have in a vacuum. Thus, biomolecules such as proteins will
not cling together even when they are in a crowded neighborhood.

Because of the strong interaction between its molecules, water has a whole host
of other properties that have been adventitious for life. For example — the unusually
wide temperature range for the stability of liquid water (0—100°C) as well as the
high heat capacity of water (4.25 J g~' K™'), have guaranteed that much of the
Earth’s oceans have remained liquid over the eons despite major variations in
temperature. If this were not so, life could not have persisted.

The degree of dissociation of water into positive protons and negative hydroxyl
ions is described by the pH-value which is the negative logarithm of the concentra-
tion of protons:

pH = —log [HT].

Thus, the higher the pH value, the lower the proton concentration and therefore the
degree of dissociation of water. This behavior of water depends strongly on the
temperature, the higher the temperature the lower the pH. Since many organisms
adapt their body temperature to that of their environments, the pH value of the body
will also change. In order to maintain the optimum in the metabolic process, nature
must have evolved strategies to optimize the properties of all biomolecules in an
organism despite such changes.
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1.7 Water Vapor in the Atmosphere

In later chapters we will be much concerned about the composition and properties
of the Earth’s atmosphere, and how it has changed over geological times. One
important constituent is water vapor “dissolved” in the atmosphere.

The content of water in the atmosphere as vapor depends on the temperature.
The warmer the atmosphere the more water is dissolved. Evidence for huge
amounts of gaseous water can be seen in the morning as dew. In addition, atmo-
spheric water contributes significantly to keep the Earth warm, for water vapor is a
strong “greenhouse gas”. The surface temperature of the Earth without an atmo-
sphere would be about —18°C but in fact averages 15°C with its present atmo-
sphere. Of this temperature increase about 20.6°C is due to water vapor, 12°C to
CO, and 0.4-2.4°C to anthropogenic gases from human activity, which includes
CO,, CHy, N0, halogenous carbonic compounds and aerosols. The fact that the
amount of water in the atmosphere increases with temperature allows the possibility
of a “runaway greenhouse effect” (see Chap. 6).

1.8 Carbon Dioxide

In addition to water a second oxygen compound has played a major role, both in the
development of life and the evolution of the Earth’s climate. This is carbon dioxide,
CO.,. It is a very stable compound, involving covalent bonds between carbon
(which has four half-filled sp” orbitals) and oxygen. Carbon dioxide is the major
product of complete oxidation of carbon and carbon compounds by molecular oxy-
gen. It constituted a major constituent of the primeval atmosphere (see Sect. 2.3). It
is the primary carbon source for photosynthetic organisms and a primary product of
aerobic metabolism. As we shall see, levels of CO, in the atmosphere have varied
widely over the Earth’s history, with often dramatic effect.

The property of CO, that is responsible for these climatic effects is its strong
absorption in the infra-red region of the spectrum (see Fig. 9.3). Much of the energy
that the Earth receives from the sun lies in the visible and near-ultraviolet region of
the spectrum, to which the Earth’s atmosphere (including CO,) is quite transparent.
As this incoming sunlight heats the Earth’s surface, it is reradiated as infra-red
radiation. Most of the atmosphere’s gases are transparent to infra-red, but CO, is
not, and acts in the same way that a greenhouse does to retain energy (see Houghton
1997). This “greenhouse effect” as we shall see in later chapters, has had a profound
influence on Earth’s climate over the ages. When CO, in the atmosphere is high, the
Earth is warm, and when it is low it can be cold to the point of global glaciations.
Ozone and water vapor are also “greenhouse gases”.

There is another feature of carbon dioxide important for life. It dissolves very
easily in water and reacts spontaneously to form bicarbonic acid (H,CO3) which
dissociates to hydrogen carbonate ions (HCO3; ) almost completely. The reactions,
as well as the relative amounts at equilibrium, are given in the following:
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CO; + H,0 — H,COj; (bicarbonic acid), 1% of CO,
H,CO; — H' + HCO3 ™~ (hydrogen carbonate ion),95% of CO,
HCO;~ — H' + CO3%" (carbonate ion), 4% of CO,

Thus, CO, dissolved in water acts as a buffer which is present in the ocean as well
as in the blood of animals. In addition carbonate CO5”~ is also crucial for many
animals to form a protective shell of calcium carbonate.

1.9 Solubility of Gases in Water

The availability of gases in seas and lakes depends on the solubility in water.
Biologically important gases show different solubilities, which are temperature
dependent as shown in Table 1.2. The lower the temperature the higher is the
oxygen content, a fact of importance for animals in arctic seas (see Chap. 5).

To assume a state of equilibrium between bodies of water and the atmosphere is
only valid for the first meter in depth but equilibrium data still give a useful
indication of aqueous environment. The equilibrium is on the side of dissolved
CO, by a factor of 3,000. For example a concentration of 33.4 mmol CO, dissolved
in water will be in equilibrium with a concentration of 0.01 mmol in air at 25°C.
Thus, an abundance of CO, can be quickly dissolved in water. In addition, CO,
dissolves much better in seawater than in fresh water. With respect to the distribu-
tion of gases in deep seas, we note that the diffusion of gases in water is very low
(see Chap. 5). Thus an active convection of the upper water with the lower water is
necessary to provide gas mixing. However, it takes a lot of time — about 1,000 years
to mix the top 1,000 m.

1.10 Hydrolysis and Dehydration: Central Water Reactions
in Biology

In a sense, water and its chemical properties lie at the heart of the most important
biological structures and processes. The major macromolecular constituents of all
cells are three kinds of polymers — polypeptides (proteins), polynucleotides (nucleic
acids) and polysaccharides (carbohydrates). Each of these polymers is made up
from a certain class of monomers, as shown in Fig. 1.9.

Table 1.2 Concentration of oxygen and carbon dioxide in water at 1 atm and pH 8.0

T (°C) Gas concentration (mol m ™)

Oxygen Carbon dioxide

Fresh Sea Fresh Sea
0 0.45 0.36 0.023 0.019
20 0.28 0.23 0.012 0.010

40 0.20 0.17 0.007 0.006
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_Rn—1_o_Rn_o_Rn+1o_
hydrolysis (+ H,0) |1 (—H,0) dehydration
-R,_1—OH HO-R,-0-R,,;0-

Fig. 1.9 Formation of macromolecular chains by dehydration and cleavage by hydrolysis. The
“residues” (R’s) can be sugars for polysaccharides, amino acids for proteins, and nucleotides for
nucleic acids, but the principle is the same in all cases. In proteins, an amide bond is formed, but
water molecule is still removed

In each case the polymer can be considered as formed from the monomers by a
condensation reaction resulting in a removal of water (see Fig. 1.9). The actual
reactions in vivo are much more indirect, but the overall process can be considered
as the removal of one molecule of water from between two monomers. The opposite
reaction, in which the polymers are broken down into monomers by addition of
water molecules, is called hydrolysis.

Thus, water enters in a peculiar way into the formation and degradation of major
cellular constituents. Remarkably it is also involved in the most fundamental
process by which the cell stores and utilizes energy: the formation of ATP (adeno-
sine triphosphate) from ADP (adenosine diphosphate).

ADP + PO*~, < ATP + H,0O

ATP formation is basically a dehydration reaction and requires the input of meta-
bolic energy. The breakdown in hydrolysis is a major way to provide energy for
biological processes.

Almost every source of energy a cell can utilize is stored in the dehydration
reaction forming ATP. Almost every way the cell uses energy is through ATP
hydrolysis. The actual reactions are usually much more indirect, but the essential
reaction is that given above. This central role of dehydration and hydrolysis
suggests that these processes trace back to the very origin of life itself.

1.11 Redox Reactions

Many important biological processes especially the generation of metabolic energy
involve redox reactions: oxidation and reduction processes. The latter case des-
cribes the gain of electrons by a molecule resulting in a decrease in the oxidation
state. Oxidation is the reverse reaction describing the loss of electrons by a mole-
cule which results in an increase in oxidation state. Thus, the substance which loses
electrons is oxidized and increases its oxidation number. This substance is called
the reducing agent. The substance which gains electrons is reduced and reduces
its oxidation number. This substance is called the oxidizing agent. Thus, redox
reactions deal with the transfer of electrons from one reactant to another. This also
means that when there is oxidation, there also is reduction.
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Table 1.3 Representative reduction potentials

Reduction reaction E® # (volts) E®® (volts) Comment

Nat + e — Na —2.714 Very strong reductant
H" +2 — H, 0 —-0.413 Taken as standard for E°
NADP" + H" + 2¢~ — NADPH —0.324

NAD" + H" + 2¢~ — NADH —-0.320

(GS); + 2H + 2¢~ — 2 GSH —0.100 GS = glutathione
FAD + 2H" 4 2¢~ — FADH, +0.031

0, + 2H" + 2¢~ — H,0, +0.69 +0.295

Fe*t e — Fe?' +0.771

0, + 4H" + 4¢~ — H,O +1.229 +0.816

Cl, + 2~ — 2Cl1™ +1.359 Very strong oxidant

4E° is the chemist’s standard, with unit activity in all species
°E® is the biochemist’s standard, with [H1=1x10"M (PH=17)

But what causes these processes? The capability for oxidation and reduction is
described by the redox potential given in AE® (volt). The more negative the redox
potential the stronger is the reduction power. Electrons flow from a redox pair of a
more negative potential to the redox pair with less negative or even positive
potential. Biologically important examples are given in the Table 1.3. Note that
oxygen has a very high reduction potential: it is a powerful oxidizing agent.

As we will see in later chapters, the biological importance of redox reactions is to
store and release biological energy. Photosynthesis involves the reduction of carbon
dioxide into sugars and the oxidation of water into molecular oxygen (see Chap. 4).

6 CO, + 6 H,O + light energy — C¢H 206 + 6 O,

The input of light energy is essential because oxidation of water to O, is so
unfavorable.
The reverse reaction, respiration, oxidizes carbon compounds

CsH 1206 + 6 O — 6 CO, + 6 H,O

For the proton transfer complex cofactors are involved, NAD"/NADH (nicotinamide
adenine dinucleotide) and the NADP"/NADPH (nicotinamide adenine dinucleotide
phosphate). They recycle another cofactor, FAD"/FADH (flavin adenine dinucleo-
tide). The balance of NAD"/NADH and NADP"/NADPH in a biological system
such as a cell or organ describes their redox state (see Chaps. 4 and 8)
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2.1 Cosmic History of the Elements

Where did oxygen come from? Remarkably, that atom of oxygen you have just
breathed had its origin in the heart of an ancient star. To understand this, one has
to make an imaginary journey back to the creation of the universe, the “big bang,”
more than 12 BYA. We shall avoid details of physics, and simply describe a
reasonable scenario that is accepted by most physicists today. Although happenings
within the very first minutes of the universe remain very speculative most scientists
agree with the following (see for example Miiller and Lesch 2005; Allday 1999).
After the big bang, the universe expanded exponentially by a factor of 10> within
about 107* 5. These are inconceivably large and small numbers (and very rough
estimates). At that point, the universe contained only the very elementary particles
such as gluons, leptons, and quarks from which all other particles can be made, at a
temperature of about 107 K. After 107 % s (1 ps), the infant universe had further
expanded and cooled to about 10'* K and the basic particles of matter — neutrons,
protons, and electrons — had formed from the elementary particles. Thus, very early,
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the nucleus of the lightest element, hydrogen, was born but no other elements
existed. Generation of other light nuclei could then follow in the hot plasma, by a
process referred to as “hydrogen burning” (Miller and Lesch 2005; Truran
and Heger 2004). Two protons would fuse to form a deuterium nucleus one proton
being converted to a neutron by emission of a positron (see Fig. 2.1). The collision
of deuterium with another proton resulted either in trittum (°H, an isotope of
hydrogen with one proton and two neutrons) or (more importantly) helium 3 (an
isotope of helium with two protons and one neutron). This could be followed by a
fusion of two helium 3 nuclei to produce one helium 4 nucleus with the accom-
panying release of two protons. These protons could then continue the cycle. These
reactions are summarized in Fig. 2.1.

The helium 4 nucleus (*He), containing two protons and two neutrons is
very stable, and was the first stable product after hydrogen. A few *He and
*H fused to form "Li. At this point (about 1 h after the big bang) the temperature
had cooled to where hydrogen burning no longer continued. The matter in the
universe now consisted mainly of a few kinds of nuclei: about 75% hydrogen, 24%
4He, 0.001% >He, and traces of deuterium and "Li. In order to form complete atoms
from these nuclei the temperature had to drop to about 3,000 K, which required
about 400,000 years. At this temperature, photons no longer have enough energy to
strip off electrons (ionize atoms) and the nuclei could catch and hold electrons to
become atoms. Up to this point, no stars had formed: the universe consists of almost
entirely of a dispersed gas of hydrogen and “He.

Then for about 200 million years (the “dark age of the universe”), there existed
no stars, while gravitation gradually condensed the great clouds of hydrogen
and helium (Miiller and Lesch 2005). As yet, no further elements had been created:
With time the clouds contracted and the pressure within these gas balloons
increased to about 200 billion atmospheres which also drove the temperature to
10—40 million Kelvin allowing hydrogen burning to resume. As the clouds con-
tracted and heated, they became stars, which began producing light due to the
fusion of the hydrogen nuclei to helium (For insight into how this may have
proceeded, see Yoshida et al. 2008). These ancient stars must have been very
different from our sun. Many had masses of 100—1,000 solar masses and consisted
only of hydrogen and helium. A very few surviving low mass examples of such
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Fig. 2.1 Hydrogen burning. This is the first nucleosynthetic process in new stars. The principal

product is “He. Protons released in step 3 are recycled in steps 1 and 2. Symbols: p = proton ( filled
circle); n = neutron (open circle); d = deuterium; e+ = positron (after Miiller and Lesch 2005)
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ancient hydrogen—helium stars have been found (see for example Schneider et al.
2006). As the hydrogen burning to helium continued, stars gained cores dense in
“He. Compression of this nucleus raised temperatures to about 200 million Kelvin.
At this point, a whole new series of nuclear fusion reactions (termed “helium
burning”) became possible. The most important are:

3*H — 2C
and
2C+%He — '°0

Nitrogen can be formed under similar conditions by the CNO cycle (Fig. 2.2),
using '2C and '°0. The last stage in the helium burning process requires higher
temperatures that could be produced only in more massive stars. These, then, were
the main sources of oxygen. In a remarkable coincidence, three of the elements that
are essential for life ('*C, '°O, and '°N) were synthesized in high yield in this first
burst of elemental synthesis. With the already existing hydrogen, much of the
potential basis for life had already been established. Early stars which had pro-
gressed through this stage of energy generation met one of two fates, depending on
their mass. Those smaller than about 1.8 solar masses upon exhausting 'H and *He
supplies shrunk into white dwarfs. More massive stars became unstable as their
dense cores contracted, and in most cases exploded as supernovae.

Such supernovae are of the utmost importance to us, for the exploding stars
strewed the elements they had synthesized (including oxygen) about the universe.
These products then became included in the composition of the next generation of
stars. These were able, in turn, to synthesize higher elements, beginning with the H,
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