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FIGURE 1 Periodic table illustrating major elements (pink), minor elements (blue), trace elements (yellow), and noble gases (gray)

in the biosphere. Those in green are essential trace elements. Known established toxic elements are shown in red.

All substances are poisons; there is none which is not a
poison. The right dose differentiates a poison and a
remedy.

Paracelsus (1493-1541)

Medical geology is the science dealing with the relation-
ship between natural geological factors and health in
humans and animals and with understanding the influ-
ence of ordinary environmental factors on the geo-
graphical distribution of such health problems. It is a
broad and complicated subject that requires interdisci-
plinary contributions from various scientific fields if its
problems are to be understood, mitigated, or resolved.
Medical geology, which focuses on the impacts of geo-
logic materials and processes (i.e., the natural environ-
ment) on animal and human health, can be considered as
complementary to environmental medicine. The field
of medical geology brings together geoscientists and
medical and public health researchers to address health
problems caused or exacerbated by geologic materials
such as rocks, minerals, and water and geologic processes
such as volcanic eruptions, earthquakes, and dust.

X1

Paracelsus defined a basic law of toxicology: Any
increase in the amount or concentration of elements
causes increasing negative biological effects, which may
lead to inhibition of biological functions and, eventu-
ally, to death. However, despite the harmful effects of
some elements, others are essential for life. Therefore,
deleterious biological effects can result from either
increasing or decreasing concentrations of various trace
elements. Thus, as with many aspects of life, either too
much or too little can be equally harmful. All of the ele-
ments that affect health are found in nature and form
the basis for our existence as living creatures. The peri-
odic table of elements, as an indicator of the roles played
by the elements in the biosphere, is the basis for our
understanding (Figure 1).

The writings of Hippocrates, a Greek physician of
the Classical Period, demonstrate how far back our
basic knowledge extends:

Whoever wishes to investigate medicine properly,
should proceed thus. ... We must also consider the
qualities of the waters, for as they differ from one
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another in taste and weight, so also do they differ much
in their quality.
Hippocrates (460-377 BC)

Hippocrates held the belief that health and “place”
are related to ancient origin. Knowledge of specific
animal diseases also originated long ago. Even in
Chinese medical texts of the third century BC, cause-
and-effect relationships are found. Unfortunately, most
such observations were lost because they were never
written down. As the science grew, many previously
unknown relationships began to be understood and a
new scientific field evolved: medical geology. This book
covers the essentials of our knowledge in this area.

GEOLOGY AND HEALTH

Geology may appear far removed from human health.
However, rocks and minerals comprise the fundamen-
tal building blocks of the planet and contain the major-
ity of naturally occurring chemical elements. Many
elements are essential to plant, animal, and human
health in small doses. Most of these elements are taken
into the human body via food, water, and air. Rocks,
through weathering processes, break down to form the
soils on which crops and animals are raised. Drinking
water travels through rocks and soils as part of the
hydrological cycle and much of the dust and some of
the gases contained in the atmosphere are of geological
origin. Hence, through the food chain and through the
inhalation of atmospheric dusts and gases, human
health is directly linked to geology.

"The volcanic eruption of Mount Pinatubo is a splen-
did example of the dramatic effects of geology. Volcan-
ism and related activities are the principal processes that
bring elements to the surface from deep within the
Earth. During just two days in June 1991, Pinatubo
ejected 10 billion metric tonnes of magma and 20 million
tonnes of SO,; the resulting aerosols influenced global
climate for three years. This single event introduced an
estimated 800,000 tonnes of zinc, 600,000 tonnes of
copper, 550,000 tonnes of chromium, 100,000 tonnes of
lead, 1000 tonnes of cadmium, 10,000 tonnes of arsenic,
800 tonnes of mercury, and 30,000 tonnes of nickel to the
surface environment. (Garrett, R.G., 2000). Volcanic
eruptions redistribute many harmful elements such as
arsenic, beryllium, cadmium, mercury, lead, radon, and

Garrett, R.G., 2000. Natural sources of Metals in the Environment.
Human and Ecological Risk Assessment, Vol. 6, No. 6, pp 954-963.

uranium. Many other redistributed elements have unde-
termined biological effects. At any given time, on
average, 60 volcanoes are erupting on the land surface of
the Earth, releasing metals into the environment. Sub-
marine volcanism is even more significant than that at
continental margins, and it has been conservatively esti-
mated that at least 3000 vent fields are currently active
along the mid-ocean ridges.

GOAL AND APPROACH

Because of the importance of geological factors on
health and the widespread ignorance of the importance
of geology in such relationships, in 1996 the Interna-
tional Union of Geological Sciences IUGS) commis-
sion COGEOENVIRONMENT (Commission on
Geological Sciences for Environmental Planning)
established an International Working Group on
Medical Geology with the primary goal of increasing
awareness of this issue among scientists, medical
specialists, and the general public. In 2000 the United
Nations Educational, Scientific, and Cultural Organi-
zation (UNESCO) became involved through a new
International Geological Correlation Programme
(IGCP) project 454 Medical Geology. Project 454
brings together, on a global scale, scientists working in
this field in developing countries with their colleagues
in other parts of the world and stresses the importance
of geoscientific factors that affect the health of humans
and animals. In 2002 the International Council for
Science (ICSU) made it possible to put together inter-
national short courses on this subject, a cooperation
involving the Geological Survey of Sweden, US Geo-
logical Survey, and the US Armed Forces Institute of
Pathology in Washington DC. The aim of these short
courses, which are offered all over the world, is to share
the most recent information on how metal ions and
trace elements impact environmental and public health
issues. The scientific topics of the courses include envi-
ronmental toxicology; environmental pathology; geo-
chemistry; geoenvironmental epidemiology; the extent,
patterns, and consequences of exposures to metal ions;
and analysis. Areas of interest include metal ions in the
general environment, biological risk-assessment studies,
modern trends in trace-element analysis, and updates
on the geology, toxicology, and pathology of metal ion
exposures.

Because of this increasing activity and interest in this
field we decided to write a book that could be used both
as a reference and as a general textbook. Our goal is to
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emphasize the importance of geology in health and
disease in humans and animals. The audience of the
book consists of upper division undergraduates, gradu-
ate students, environmental geoscientists, epidemiolo-
gists, medics, and decision makers, but, we have also
strived to make the book interesting and understand-
able to environmentally conscious members of the
general public.

There are important relationships between our
natural environment and human health. Our approach
is to integrate these two fields to enable better
understanding of these often complex relationships.
All chapters have numerous cross-references not
only among the other chapters but also to related
reading.

SECTIONAL PLAN

Chapter 1 gives a brief history of medical geology. It is
not intended to be an exhaustive overview; instead our
overview highlights some important cases in the devel-
opment of the science of medical geology.

The subsequent material is presented in four sections,
each describing different aspects of the subject.

The first section (Chapters 2—8) covers environmen-
tal biology. Environmental biology may be char-
acterized by interactions between geological and
anthropogenic sources and the kingdoms of life. The
geological sources provide life with essential major,
minor, and trace elements. In addition, geology pro-
vides access to nonessential elements. To influence life,
both beneficially and adversely, elements have to be in
the environment as well as, in most cases, bioavailable.
Therefore this section gives an introduction to the dif-
ferent aspects of environmental biology and provides a
foundation for the following sections.

The second section (Chapters 9-20), on pathways
and exposures, covers many of the myriad different
aspects of medical geology. It has long been said that
“we are what we eat”; however, in terms of medical
geology we are in fact what we eat, drink, and breathe.
The major pathways into the human body of all ele-
ments and compounds, whether beneficial or harmful,
derive from the food and drink we consume and the air
we breathe. The twelve chapters of this section con-
centrate on the interrelationships among our natural
environment, geology, and health. Numerous examples
from all over the world are presented on topics ranging
from element toxicities and deficiencies, to geophagia,

to global airborne dust and give a clear view of the vast
importance of the natural environment on our health.
After reading these chapters, you should have no doubt
that geology is one of the most important, although
often neglected, factors in our well-being.

The third section (Chapters 21-25), on environmen-
tal toxicology, pathology, and medical geology, covers
the medical aspects of medical geology. In recent
decades there has been an increasing awareness of the
importance of the interaction of mammalian systems
with their natural environment. The primary focus has
been on understanding exposure to hazardous agents in
the natural environment through air, water, and soil.
Such appreciation has led to myriad investigations
focused on identifying those natural (and sometimes
anthropogenic) environmental risk factors that may be
involved in the development of human and other animal
diseases. These five chapters describe the different
effects of elements in our bodies, how geology affects
us, and how we can recognize these effects.

The fourth section (Chapters 26-31), on techniques
and tools, brings together in a very practical way our
knowledge of the different relevant disciplines. Geo-
scientists and medical researchers bring to medical
geology an arsenal of valuable techniques and tools that
can be applied to health problems caused by geologic
materials and processes. Although some of these tools
may be common to both disciplines, practitioners of
these disciplines commonly apply them in novel ways
or with unique perspectives. In this section we look at
some of these tools and techniques.

Finally, we have included three appendices. Appendix
A covers international and some national reference
values for water and soils. Appendix B lists numerous
Web links from Chapters 19 and 26. Appendix C is a
large glossary to be used whenever you need a term
explained. We have tried to make this glossary as com-
prehensive as possible but there will of course be some
shortcomings. However, the glossary can also be found
and downloaded from the Internet (books.elsevier.com/
companions); therefore it can be completed with more
explanations when needed.
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This chapter provides a brief history of medical
geology—the study of health problems related to
“place.” This overview is not exhaustive; instead, it
highlights some important cases that have arisen during
the development of the science of medical geology. An
excess or deficiency of inorganic elements originating
from geological sources can affect human and animal
well-being either directly (e.g., effect of iodine on the
goiter) or indirectly (e.g., effect on metabolic processes
such as the supposed protective effect of selenium in

Essentials of Medical Geology

CHAPTER 1

MEDICAL GEOLOGY:
PERSPECTIVES AND
PROSPECTS

Briax E. Davies
Clemson University

CHARLOTTE BowMmaN
University of Victoria

Taeo C. Davies
Moi University

OLLE SELINUS
Geological Survey of Sweden

cardiovascular disease). Such links have long been
known but were unexplained until attempts at alchemy
became successful in the seventeenth century, when
medicine ceased to be the art of monks versed in
homeopathic remedies and modern geology was forged
by Lyell and Hutton.

I. THE FOUNDATIONS
OF MEDICAL GEOLOGY

A. Ancient Findings

Various ancient cultures made reference to the rela-
tionship between environment and health. In many
cases, the health problems were linked to occupational
environments, but close links to the natural environ-
ment were also noted. Chinese medical texts dating
back to the third century BC contain several references
to relationships between environment and health.
During both the Song Dynasty (1000 BC) and the

Copyright © 2005, Elsevier Inc.
All rights reserved.
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Ming Dynasty (14th-17th century AD), lung problems
related to rock crushing and symptoms of occupational
lead poisoning were recognized. Similarly, the Tang
Dynasty alchemist Chen Shao-Wei stated that lead,
silver, copper, antimony, gold and iron were poisonous
(cited in Liang et a/., 1998).

Contemporary archaeologists, osteologists, and his-
torians have provided us with evidence that the poor
health often revealed by the tissues of prehistoric cadav-
ers and mummies can commonly be linked to detri-
mental environmental conditions of the time. Goiter,
for example, which is the result of severe iodine defi-
ciency, was widely prevalent in ancient China, Greece,
and Egypt, as well as in the Inca state of Peru. The fact
that this condition was often treated with seaweed, a
good source of iodine, indicates that these ancient
civilizations had some degree of knowledge with regard
to the treatment of dietary deficiencies with natural
supplements.

As early as 1500 years ago, certain relationships
between water quality and health were also known:

Whoever wishes to investigate medicine properly,
should proceed thus. ... We must also consider the
qualities of the waters, for as they differ from one
another in taste and weight, so also do they differ much
in their quality. (Hippocrates, 460-377 BC)

Hippocrates, a Greek physician of the Classical period,
recognized that health and place are causally related and
that environmental factors affected the distribution of
disease (Lig, 1990; Foster, 2002). Hippocrates noted in
his treatise On Airs, Waters, and Places (Part 7) that,
under certain circumstances, water “comes from soil
which produces thermal waters, such as those having
iron, copper, silver, gold, sulphur, alum, bitumen, or
nitre,” and such water is “bad for every purpose.”
Vitruvius, a Roman architect in the last century BC,
noted the potential health dangers related to mining
when he observed that water and pollution near mines
posed health threats (cited in Nriagu, 1983). Later, in
the first century AD, the Greek physician Galen reaf-
firmed the potential danger of mining activities when
he noticed that acid mists were often associated with the
extraction of copper (cited in Lindberg, 1992).

An early description linking geology and health is
recounted in the travels of Marco Polo and his Uncle
Niccolé. Journeying from Italy to the court of the Great
Khan in China in the 1270s they passed to the south
and east of the Great Desert of Lop:

At the end of the ten days be reaches a province called
Su-chauw. . . . Travelers passing this way do not venture

to go among these mountains with any beast except
those of the country, because a poisomous herb grows
here, which makes beasts that feed on it lose their hoofs;
but beasts born in the country recognize this berb and
avoid it. (Latham, 1958)

The animal pathology observed by Marco Polo that
resulted from horses eating certain plants was similar to
a condition that today we know is caused by the con-
sumption of plants in which selenium has accumulated,
and this explorer’s account may be the earliest report of
selenium toxicity. Marco Polo also described goiter in
the area around the oasis city of Yarkand (Shache) and
ascribed it to a peculiarity of the local water. Earlier,
near Kerman on the Iranian eastern frontier, he com-
mented on a lack of bellicosity in the tribesmen that he
attributed to the nature of the soil. In what could be
considered the first public health experiment, Marco
Polo imported soil to place around the tribe’s tents in
an effort to restore their bellicosity. His approach
proved to be effective (see also Chapter 15).

Health problems resulting from the production of
metal have been identified in many parts of the world.
The common use of heavy metals in ancient societies
revealed their toxicity. Although the relationship
between lead and a variety of health risks is now well
documented in modern society, the relationship was less
well known in the past. Lead has been exploited for over
six millennia, with significant production beginning
about 5000 years ago, increasing proportionately
through the Copper, Bronze, and Iron Ages, and finally
peaking about 2000 years ago (Hong et al., 1994
Nriagu, 1998). Several descriptions of lead poisoning
found in texts from past civilizations further corrobo-
rate the heavy uses of lead. Clay tablets from the middle
and late Assyrian periods (1550-600 BC) provide
accounts of lead-poisoning symptoms, as do ancient
Egyptian medical papyri and Sanskrit texts dating from
over 3000 years ago (Nriagu, 1983). About 24% of dis-
covered lead reserves were mined in ancient times
(Nriagu, 1998).

It has been estimated that during the time of the
Roman Empire the annual production of lead
approached 80,000 tonnes (Hong et al., 1994; Nriagu,
1998), and copper, zinc and mercury were also mined
extensively (Nriagu, 1998). Lead usage exceeded 550¢g
per person per year, with the primary applications being
plumbing, architecture, and shipbuilding. Lead salts
were used to preserve fruits and vegetables, and lead was
also added to wine to stop further fermentation and to
add color or bouquet (Nriagu, 1983). The use of large
amounts of lead in the daily life of Roman aristocracy
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had a significant impact on their health, including epi-
demics of plumbism, high incidence of sterility and still-
births and mental incompetence. Physiological profiles
of Roman emperors who lived between 50 and 250 BC
suggest that the majority of these individuals suffered
from lead poisoning (Nriagu, 1983). In turn, it is gen-
erally believed that a contributing factor to the fall of
the Roman Empire, in AD 476, may have been the
excessive use of lead in pottery and other sources (Hong
et al., 1994).

Mercury was used during the Roman Empire to ease
the pain of teething infants, as well as to aid in the
recovery of gold and silver. Such applications were also
widely found in Egypt in the twelfth century and in
Central and South America in the sixteenth century
(Eaton & Robertson, 1994; Silver & Rothman, 1995).
Mercury was used to treat syphilis during the sixteenth
century and in the felting process in the 1800s
(Fergusson, 1990).

Copper was first used in its native form approximately
7000 years ago, with significant production beginning
some 2000 years later and eventually peaking at a pro-
duction rate of about 15,000 tonnes annually during the
Roman Empire, when it was used for both military and
civilian purposes, especially coinage. A significant drop
in the production of copper followed the fall of the
Roman Empire, and production remained low until
about 900 years ago when a dramatic increase in pro-
duction occurred in China, reaching a maximum of
13,000 tonnes annually and causing a number health
problems (Hong ez al., 1994).

Arsenic was used for therapeutic purposes by the
ancient Greeks, Romans, Arabs, and Peruvians, because
small doses were thought to improve the complexion;
however, it has also long been used as a poison
(Fergusson, 1990). In the sixteenth century, George
Agricola described the symptoms of “Schneeberger”
disease among miners working in the Erzgebirge of
Germany to mine silver in association with uranium.
That disease has since been identified as lung cancer
deriving from metal dust and radon inhalation.

B. More Recent Findings

The industrial revolution in Europe and North America
encouraged people to quit the poverty of subsistence
agriculture in the countryside to live in increasingly
crowded cities where they found work in factories,
chemical plants, and foundries; however, such occupa-
tions exposed the workers to higher levels of chemical
elements and compounds that, as rural dwellers, they

would rarely have encountered. Friedrich Engels wrote
graphic descriptions of the ill health of the new English
proletariat in his politically seminal book, The Conditions
of the Working Class in England, published in 1845. He
described the plight of children forced to work in the
potteries of Staffordshire: “By far the most injurious is
the work of those who dip ... into a fluid containing
great quantities of lead, and often of arsenic. ... The
consequence is violent pain, and serious diseases of the
stomach and intestines . . . partial paralysis of the hand
muscles . . . convulsions” (Engels, 1845). Engels further
characterized the conditions of workers in mid-nine-
teenth century industrial England as “want and disease,
permanent or temporary.”

The sciences of toxicology and industrial medicine
arose in response to the health problems caused by
unregulated industrialization. These sciences have pro-
vided the clinical data that allow us to understand the
consequences of excess exposure to elements in the
natural environment, whether it be due to simple expo-
sure to particular rocks or the exploitation of mineral
resources. The emergence of modern geological sci-
ences coupled with increasingly powerful analytical
techniques laid the foundation for determining the
nature and occurrence of trace elements in rocks and
sediments. Scientific agriculture has focused attention
on inorganic element deficiencies in plants and animals,
and modern medicine has provided reliable descriptions
of diseases and more accurate diagnoses through
internationally recognized nomenclatures.

Rural people have always recognized that the health
of their animals is influenced by their diet and, there-
fore, soil properties. These observations could not be
explained until the advent of scientific agriculture in the
nineteenth century, when it required only a small step
to suggest that humans may also be caught up in similar
relationships. Diseases now known to be caused by a
lack or excess of elements in soil and plants were given
names that reflected where they occurred, such as Der-
byshire neck in the iodine-deficient areas of the English
Midlands or Bodmin Moor sickness over the granites of
southwest England where cobalt deficiency is endemic
in sheep unless treated. It is interesting to note that in
Japan, before the 1868 Meiji Restoration, meat was
rarely eaten so there was no tradition of animal hus-
bandry. Japanese authors have suggested that this lack
of animal indicators largely contributed to the failure to
recognize the significance of metal pollution until it
became catastrophic.

Archaeologists have also noted links between health
and environmental factors. Analysis of bone material
has provided an excellent tool for studying the diet and
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nutritional status of prehistoric humans and animals
(Krzysztof & Glab, 2001). For example, the transition
from a hunter—gatherer society to an agriculturally
based economy resulted in a major dietary change and
an accompanying iron deficiency. Iron in plants is more
difficult to absorb than iron from a meat source; hence,
it has been proposed that this new reliance on a crop
diet may have resulted in iron deficiency and anemia
among the general population (Roberts & Manchester,
1995).

Skeletal remains found in Kentucky have provided
prime examples of the relationship between geology
and ancient human health. The area is blanketed by
mineral-deficient soils. Native Americans, however,
established permanent settlements in the area and
began normal crop cultivation practices. As a result of
the soil mineral deficiency, the maize produced had
extremely low levels of zinc and manganese. These
deficiencies led to a range of diet-related health effects
that have been clearly documented through the study
of dental and skeletal pathology in human remains
(Moynahan, 1979).

Several landmark discoveries in medical geology have
been made in Norway. For a long time, Norwegian
farmers have been aware of the unusually frequent
occurrence of osteomalacia among domestic animals in
certain districts, and to combat the disease they initi-
ated the practice of adding crushed bones to the feed of
the animals. Some farmers suspected that a particular
pasture plant caused osteomalacia, and a Norwegian
official named Jens Bjelke (1580-1659), who had an
interest in botany and a knowledge of foreign languages,
gave the suspected plant the Latin name Gramen
ossifragum (“the grass that breaks bones”). The name has
also been written Gramen Norwagicum ossifragum. One
hundred years ago, the geologist J. H. L. Vogt learned
of the practice of adding crushed bones to the diets of
farm animals and investigated a region where osteoma-
lacia was common. When he found very small amounts
of the mineral apatite in the rocks, he drew the logical
and correct conclusion that a deficiency of phosphorus
was the cause of the osteomalacia. Another Norwegian
geologist had previously pointed out that vegetation was
extraordinarily sparse over the bedrock which was
found by Vogt to be very poor in apatite. Once the cause
of the osteomalacia was determined, it became a rela-
tively simple matter to prevent the damage by adding
phosphorus fertilizer to the soil (Lig, 1990) (see also
Chapter 14, this volume).

A significant publication that must be mentioned here
is André Voisin’s book, Soil, Grass and Cancer (1959),
especially in light of today’s interest in the dangers of

free radicals in cells and the protective effects of antio-
xidant substances and enzymes. Over 40 years ago,
Voisin stressed the protective role of catalase and
observed that copper deficiency was accompanied by
low cytochrome oxidase activity.

Oddur Eiriksson and Benedikt Pjetursson provided
detailed descriptions of the damage to teeth of domes-
tic animals that resulted from the eruption of the
Icelandic volcano Hekla in 1693. Of course, at that time
it was not known that the cause was fluorosis. The rela-
tionship between the incidence of fluorine deficiency
and dental caries has been carefully studied in Scandi-
navia since World War II, with attention being parti-
cularly centered around the need for fluoridation of
water. Analyses of the fluoride content of natural waters
from various sources and their relationships to the
frequency of caries have been reported from several
districts (see also Chapter 9, this volume).

II. GEOCHEMICAL CLASSIFICATION
OF THE ELEMENTS

It is humbling to realize that the principles of geo-
chemistry and, hence, medical geology were established
at a time when few had access to advanced analytical
facilities and most scientists relied on the very laborious
classical chemical approaches. Despite the limitations
imposed by a lack of rapid analysis of rocks and soils,
the basic principles of geochemistry were known by the
start of the twentieth century. In 1908, Frank W.
Clarke, of the U.S. Geological Survey, published the
original edition of The Data of Geochemistry, in which he
adopted a systems approach to present his information.
Clarke’s book was the forerunner of several texts pub-
lished during the first half of the twentieth century that
have helped us understand how geochemistry is linked
to health. Arguably the most important text of the
period was V. Goldschmidt’s Geochemzistry (1954), which
was based on work by Linus Pauling; it was completed
by Alex Muir in Scotland and published after Gold-
schmidt’s death in 1947. Two of Goldschmidt’s ideas are
of special relevance to medical geology: his geochemi-
cal classification of the elements and his recognition of
the importance of ionic radii in explaining “impurities”
in natural crystals.

Goldschmidt’s geochemical classification groups ele-
ments into four empirical categories (Table I). The
siderophilic elements are those primarily associated with
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TABLE I. Geochemical Classification of Elements

Group Elements

Siderophile  Fe, Co, Ni, Pt, Au, Mo, Ge, Sn, C, P

Atmophile H, N, O

Chalcophile  Cu, Ag, Zn, Cd, Hg, Pb, As, S, Te

Lithophile Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Al, rare earths

(REE)

the iron-nickel (Fe-Ni) core of the Earth; these ele-
ments may be found elsewhere to some extent, but this
classification explains why, for example, platinum and
associated metals are normally rare and dispersed in
crustal rocks. This fundamental geochemical observa-
tion allowed Alvarez er al. (1980) to recognize the
significance of the high iridium contents of clays found
at the Cretaceous/ Tertiary (K/T) boundary. They pro-
posed the persuasive idea that the impact of an asteroid
(Fe-Ni type) on the surface of the Earth could explain
the massive species extinctions that define the K/T
boundary, including the demise of the dinosaurs. Was
this an example of medical geology on a global scale?

The atmophilic elements are those dominating the air
around us, and /ithophilic elements are common in
crustal silicates (Alvarez ez 4l., 1980). Of special interest
are the chalcophilic elements, which derive their name
from a geochemical grouping of these elements with
copper (Greek yoAkdg). These elements are encoun-
tered locally in high concentrations where recent or
ancient reducing conditions (and hydrothermal condi-
tions) have led to the reduction of sulfate to sulfide,
resulting in the formation of sulfide minerals such as
pyrite (FeS,) and the ores of lead (galena, PbS) or zinc
(sphalerite, ZnS). This same thiophilic tendency under-
lies the toxicity of lead, mercury, and cadmium because
they readily link to the —SH groups of enzymes and
thereby deactivate them. Goldschmidt’s empirical clas-
sification of chalcophilic elements is now reinterpreted
in terms of hard and soft acids and bases; soft bases (e.g.,
R—SH or R—S") preferentially bind to soft acids (e.g.,
Cd** or Hg™).

Goldschmidt’s (and Pauling’s) second important
concept was the importance of ionic size in explaining
both the three-dimensional structures of silicate crystals
and how other elements can become incorporated
in them. The rules are now generally known as
Goldschmidt’s rules of substitution:

1. The ions of one element can replace another in
ionic crystals if their radii differ by less than about
15%.

2. Tons whose charges differ by one unit can
substitute provided electrical neutrality of the
crystal is maintained.

3. For two competing ions in substitution, the one
with the higher ionic potential (charge/radius ratio)
is preferred.

4. Substitution is limited when competing ions differ
in electronegativity and form bonds of different
ionic character.

These rules of substitution and the geochemical classi-
fication of elements are fundamental to our growing
understanding of medical geology, for they explain
many environmental occurrences of toxic elements and
allow scientists to predict where such occurrences might

be found.

[Il. CONTRIBUTIONS TO MEDICAL
GEOLOGY FROM PuUBLIC HEALTH
AND ENVIRONMENTAL MEDICINE

Although most public health problems involve diseases
caused by pathogens, inorganic poisons can also affect
public health; among these poisons are arsenic,
cadmium, and mercury. Currently much concern exists
about environmental levels of mercury, especially in
Amazonia, where the amalgamation of gold by mercury
in small-scale mining operations has caused widespread
mercury pollution. The effects of this metal on human
health can be traced back several centuries. For
example, in the sixteenth century and later, mercury and
its compounds were widely used to treat syphilis despite
its known toxicity (D’itri & D’itri, 1977), and mercuric
nitrate solution was used to soften fur for hat making.
Long-term exposure caused neurological damage in
workers handling mercury and gave rise to expressions
such as “mad as a hatter” or the “Danbury shakes.” In
Birmingham, England, buttons were gilded by exposing
them to a gold-mercury (Au-Hg) amalgam followed by
vaporization of the mercury. By 1891, many tons of
mercury had been dissipated around Birmingham, to
the great detriment of that city’s inhabitants, many of
whom suffered from Gilder’s palsy. Neurological
damage due to exposure to inorganic mercury com-
pounds was well understood by the end of the nine-
teenth century.
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Modern concerns, however, are focused on lipid-
soluble organic compounds that tend to concentrate as
one proceeds up the food chain. Recognition of such a
problem resulted from the well-known outbreak of
methylmercury poisoning in 1956 in Minamata city in
Japan, thus the name used today—Minamata disease.
Subsequently, methylmercury poisoning has been
observed in, for example, Niigata (Japan), Sweden, Iraq,
and the United States.

Concern about environmental cadmium can be
traced back to the outbreak of itai itai disease in Japan
earlier in the twentieth century (Chaney et al., 1998).
The disease resulted in severe bone malformations in
elderly women, and a zinc mine in the upper reaches of
the Jintsu river was found to be the source of the
cadmium that caused the disease. Later, cadmium was
found to be linked to kidney damage, and the element
was found to build up in soil following the application
of some sewage sludges. Many countries now control
the land application of sludge and have set limits in
terms of permissible cadmium additions (Friberg ez 4/.,
1974).

The colored compounds of arsenic were used as
pigments as early as the Bronze Age, and knowledge of
its toxicity is just as old. Of concern today are the skin
lesions and cancers observed among the millions of
people drinking arsenic-rich well water, especially in
West Bengal and Bangladesh. As with mercury, links
between arsenic and certain cancers were identified
early on. Fowler’s solution, which contained potassium
arsenite, was widely prescribed as a tonic. Patients who
believed that if a little of something (a few drops) would
do them good then a lot of it must do them a lot of good
tended to overdose on the solution. By the late eigh-
teenth century, it was recognized that injudicious use of
Fowler’s solution led first to peripheral neuritis, which
was followed by skin lesions and cancer (see also
Chapters 11 and 23, this volume).

Coal is a sedimentary rock formed by the diagenesis
of buried peats, which, in turn, form from organic
debris under wet, reducing conditions. This process
favors the precipitation of the sulfides of chalcophilic
metals (especially pyrite, FeS,). Pyrite can contain sig-
nificant concentrations of arsenic as well as mercury,
thallium, selenium, nickel, lead, and cobalt. Incineration
of coal releases mercury to the atmosphere; sulfur gases,
which cause acid precipitation, and arsenic compounds
may also be released or remain in the ash.

In the autumn of 1900, an epidemic of arsenic poi-
soning occurred among beer drinkers in Manchester,
Salford, and Liverpool in England. The poisoning was
first traced to the use of sulfuric acid to make the

glucose required for the brewing process; apparently,
the breweries had unknowingly switched from de-
arsenicated acid (sulfuric acid is a valuable by-product
of smelting industries, including those dealing with
arsenic ores). Additionally, however, malted barley was
dried over coal fires, which contributed to the problem.
Even moderate beer drinkers suffered from peripheral
neuritis and shingles (herpes zoster), which can be
induced by arsenic exposure. Arsenic poisoning has
recently emerged again in China, where severe arsenic
poisoning has been reported in recent years as a result
of consumption of vegetables dried over coal fires
(Finkelman et al., 1999).

IV. DEVELOPMENT OF MEDICAL GEOLOGY

A. The Knowledge Gained from
Single-Element Studies

Opver the course of the twentieth century, geoscientists
and epidemiologists gained a greater understanding of
the many ways in which the environment of Earth can
affect the health of its inhabitants. Incidents of metal
poisoning and the identification of specific relationships
between dietary constituents and health became repre-
sentative examples of more general human reactions to
exposures to the geochemical environment. The clear-
est example of the relationship between geology and
health is when the presence of too much or too little of
a single element in the environment is found to cause
or influence disease as a result of being transferred into
the body through dust in the soil or air or via water or
food.

Todine remains the classic success story in medical
geology as far as human health is concerned. The most
common health effect associated with an iodine defi-
ciency is goiter, a swelling of the thyroid gland. Late in
the nineteenth century, it was determined that iodine
concentrates in the thyroid gland, but the iodine con-
centrations were reduced in the thyroids of patients
from endemic goitrous areas. lodine deficiency dis-
orders (IDDs) remain a major threat to the health and
development of populations the world over. Clinical
treatment of IDDs is, of course, the prerogative of
medical doctors; nonetheless, a greater understanding
of the conditions leading to IDDs has resulted from the
work of geoscientists. (Iodine is described in detail in

Chapter 16.)
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The study of arsenic remained the province of
toxicology and forensic medicine until the middle
twentieth century. A paper on arsenic in well water in
the Canadian Province of Ontario stated: “The occur-
rence of arsenic in well water is sufficiently rare to merit
description” (Wyllie, 1937). Pictures accompanying the
text illustrate keratoses on the feet and the palm of a
hand. It was concluded in the article that the occurrence
of arsenic poisoning from well water was infrequent.
Less than 40 years later, however, the scientific world
learned of “blackfoot disease” in the Republic of China
(Taiwan), and skin disorders and cancer due to arsenic-
polluted well water have been described in Chile,
Mexico, and Argentina. Serious problems are currently
being reported in West Bengal and Bangladesh. In all
cases, the geological link is clear (described in detail in
Chapters 11 and 23).

Cobalt deficiency provides a good example of the
relationship between animal health and the geological
environment. In New Zealand, cobalt deficiency was
known as “bush sickness” or Morton Mains disease; in
Kenya, as nakuruitis; in England, as pining; in Denmark,
as vosk or voskbed; and in Germany, as hinsch. The under-
lying cause was discovered by Dr. Eric Underwood, an
early expert in the medical geology field (Underwood
& Filmer, 1935). His discovery in 1935 of the essen-
tiality of cobalt is an example of triumph over analyti-
cal difficulty. Underwood and Filmer showed that
“enzootic marasmus” could be cured by treatment with
an acid extract of the iron oxide limonite, from which
all but negligible quantities of iron had been removed.
In all cases, the problem can be traced back to a low
cobalt content of the soil parent material. Inadequate
cobalt is passed up the food chain for microflora in the
gut of herbivores to use in the synthesis of the essential
cobalt-containing cobalamin or vitamin Bj,. Only one
case of human cobalt deficiency appears to have been
published (Shuttleworth ez /., 1961). A 16-month-old
girl on an isolated Welsh hill farm was a persistent dirt
eater and suffered from anemia and behavioral prob-
lems. The cattle on the farm were being treated for
cobalt deficiency, and the child recovered her health
after oral administration of cobaltous chloride.

Lead poisoning has dominated the environmental
agenda for several decades. It is interesting to note that
geologists were aware of the potential health problems
associated with lead when medical opinion on the
subject was still mixed. In mid-nineteenth century
Britain, residents expressed growing concern about the
unregulated disposal of mine and industrial wastes in
rivers. In west Wales, farmers complained that lead
mining was ruining their fields as a result of the depo-

sition of polluted sediment when rivers flooded. A Royal
Commission in 1874 evaluated their complaints, and
legislation soon followed (River Pollution Prevention
Act, 1878); however, it was too late. Well into the twen-
tieth century, cattle poisoning in the Ystwyth valley of
west Wales continued to occur due to the earlier con-
tamination by mines in the previous century. As late as
1938, the recovery of these rivers was monitored, and
even in the 1960s evidence of past pollution was still
evident. It was the late Professor Harry Warren in
Vancouver, Canada, who first recognized the important
implications of high levels of environmental lead. He
devoted the last 30 years of his professional life to
arguing for the significance of lead uptake by garden
vegetables and its possible role in the etiology of mul-
tiple sclerosis. Warren had pioneered the use of tree
twigs in prospecting for mineral ores in British Colum-
bia, Canada, and he was surprised to observe that lead
contents were often higher in forests bordering roads
and concluded that “industrial salting” was a widespread
and serious problem. Nonetheless, until the 1960s,
environmental lead remained a mere curiosity. Health
problems were thought to occur only from industrial
exposure or due to domestic poisoning from lead
dissolved by soft water from lead pipes.

Opver the past 20 years, the removal of lead from gas,
food canning, and other sources has reduced population
blood lead levels by over 80%. Milestones along the way
included evidence that dust on hands represented a
major pathway of lead exposure, and the phasing out of
lead in gasoline in the United States was accompanied
by a general reduction in blood lead levels. Adding to
the debate was the contention that even relatively low
levels of lead exposure could harm the development of
a child’s brain (Davies & Thornton, 1989; Nriagu, 1983;
Ratcliffe, 1981; Warren & Delavault, 1971).

The medical geology of selenium provides a good
example of the interaction between geology and medi-
cine. In the late 1960s, selenium was shown to be essen-
tial for animals and to be an integral part of glutathione
oxidase, an enzyme that catalyzes the breakdown of
hydrogen peroxide in cells (Prasad, 1978). In sheep and
cattle, a deficiency in selenium accounted for “white
muscle disease” (especially degeneration of the heart
muscle), and glutathione peroxidase activity was found
to be a good measure of selenium status. The problem
was particularly widespread among farm animals in
Great Britain (Anderson ef /., 1979). Humans have also
been shown to suffer from selenium deficiency, and in
China this condition is referred to as Keshan disease
(Rosenfeld & Beath, 1964; Frankenberger & Benson,
1994; Frankenberger & Enberg, 1998). The disease has
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occurred in those areas of China where dietary intakes
of selenium are less than 0.03mg/day because the
selenium content of the soils is low. The condition is
characterized by heart enlargement and congestive
heart failure. The disease has been primarily seen in
rural areas and predominantly among peasants and their
families. Those most susceptible have been children
from 2 to 15 years of age and women of child-bearing
age (Chen et 4l., 1980; Jianan, 1985). Also, it has been
suggested that adequate selenium intake may be pro-
tective for cancers (Diplock, 1987), and self-medication
with selenium supplements has become widespread
with the belief that a lack of selenium is a risk factor in
heart diseases. (Selenium is described in greater detail

in Chapter 15.)

B. The Importance of Element
Interactions Is Recognized

The number of productive single-element studies has
obscured two fundamental geochemical principles:
First, from a geochemistry perspective, elements tend
to group together, and, second, the study of physiology
recognizes that elements can be synergistic or antago-
nistic. Cadmium is a good example of both principles.
In some environments, soil cadmium levels are high
because of rock type (such as black shales) or from
mining contamination. A highly publicized polluted
environment is that of the village of Shipham, which in
the eighteenth century was a thriving zinc mining
village in the west of England. It has been speculated
that an adequate selenium intake may be protective for
cancers (Diplock, 1987). The belief that a lack of sele-
nium is a risk factor in heart diseases has caused self-
medication with selenium supplements to become
widespread. A study in 1979 suggested that 22 out of
31 residents showed signs of ill health that could be
traced to cadmium. As a result, the health of over 500
residents was subsequently assessed and compared with
that of a matching control population from a nearby
non-mining village, but “there was no evidence of
adverse health effects in the members of the population
studied in Shipham” (Thornton ez 4/., 1980). Chaney et
al. (1998) have commented on the disparity between the
reports of ill health in Japan and no-effect observations
from other parts of the world: “research has shown that
Cd transfer in the subsistence-rice food-chain is unique,
and that other food-chains do not comprise such high
risk per unit soil Cd” and “Evidence indicates that com-
bined Fe and Zn deficiencies can increase Cd retention
by 15 fold compared to Fe and Zn adequate diets . . . it

is now understood that rice grain is seriously deficient
in Fe, Zn, and Ca for human needs”.

Copper and molybdenum taken individually and
together demonstrate the importance of not relying
upon simple single-cause relationships. In Somerset
(England) there is an area in which pasture causes scour-
ing in cattle. The land is known locally as “teart” and was
first reported in the scientific literature in 1862 (Gimm-
ingham, 1914), but the cause of the disorder (molybde-
num) was not ascertained until 1943 (Ferguson et 4l.,
1943), when it was shown that the grass contained
20-200mg molybdenum per kg (d.m.) and that the
disorder could be cured by adding cupric sulfate to
the feed. The origin of the excess molybdenum
was the local black shales (Lower Lias) (Lewis, 1943).
Over 20 years later, geochemical reconnaissance of the
Lower Lias throughout the British Isles showed that
elevated molybdenum contents in soils and herbage
were a widespread problem over black shale, regardless
of geological age, and that this excess molybdenum
was the cause of bovine hypocuprosis (Thornton et 4.,
1966, 1969; Thomson et 4l., 1972). A moose disease in
Sweden provides another example of the effects of
molybdenum, in this case resulting from the interaction
of molybdenum with copper. This disease is covered
in detail in Chapter 20 (see also Kabata-Pendias and
Pendias, 1992; Kabata-Pendias, 2001; Adriano, 2001).

C. Mapping Diseases as a
Tool in Medical Geology

For some important groups of diseases (e.g., cancers,
diseases of the central nervous system, and cardiovas-
cular disease), the causes are by and large unknown and
cure and control is uncertain. When the incidence or
prevalence of these diseases has been mapped, especially
in countries of western Europe, significant differences
from place to place have been reported that are not
easily explained by genetic traits or social or dietary
differences. Environmental influences appear to be
involved in the etiologies, and a role for geology has
been suggested by many authors (see, for example,
Chapter 13). Association is not necessarily evidence for
cause and effect. For mapping approaches to be reliable,
two conditions must be satisfied. First, it is essential to
be able to show a clear pathway from source (e.g., soil)
to exposure (e.g., dirt on hands) to assimilation (e.g.,
gastric absorption) to a target organ or physiological
mechanism (e.g., enzyme system). The second condi-
tion, rarely satisfied, is that the hypothetical association
must be predictive: If the association is positive in one
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area, then it should also be positive in a geologically
similar area; if not, why not? This condition is well
illustrated by fluoride and dental caries—environments
where fluoride is naturally higher in drinking water have
consistently proved to have lower caries rates.

Opver the years much attention has been paid to the
geographical variability of cancer occurrences and it has
been speculated that this variability may be influenced
by soil or water quality. An early study of gastrointesti-
nal cancer in north Montgomeryshire, Wales (Millar,
1961) seemed to show an association with environmen-
tal radioactivity because local black shales were rich in
uranium. There was no direct evidence to support the
hypothesis, and the study was marked by a problem of
earlier work—namely, an indiscriminate use of statistics.
Work in 1960 in the Tamar valley of the west of
England appeared to show that mortality from cancer
was unusually low in certain villages and unusually
high in others (Davies, 1971). Within the village of
Horrabridge, mortality was linked to the origin of dif-
ferent water supplies: The lowest mortality was associ-
ated with reservoir water from Dartmoor, whereas the
highest mortality was associated with well or spring
water derived from mineralized rock strata. Although
this study was again statistically suspect, it stimulated a
resurgence of interest in the link between cancer and
the environment.

Stocks and Davies (1964) sought direct associations
between garden soil composition and the frequency of
stomach cancer in north Wales, Cheshire, and two local-
ities in Devon. Soil organic matter, zinc, and cobalt were
related positively with stomach cancer incidence but not
with other intestinal cancer. Chromium was connected
with the incidence of both. The average logarithm of the
ratio of zinc/copper in garden soils was always higher
where a person had just died of stomach cancer after 10
or more years of residence than it was at houses where a
person had died similarly of a nonmalignant cause. The
effect was more pronounced and consistent in soils taken
from vegetable gardens, and it was not found where the
duration of residence was less than 10 years.

A possible link between the quality of water supply,
especially its hardness, was the focus of much research
in the 1970s and 1980s. This was noticed, for example,
in Japan in 1957. A statistical relationship was found
between deaths from cerebral hemorrhage and the
sulfate/carbonate ratio in river water which, in turn,
reflected the geochemical nature of the catchment area.
In Britain, calcium in water was found to correlate
inversely with cardiovascular disease, but the presence
of magnesium did not; thus, hardwater may exercise
some protective effect. Attention has also been paid to

a possible role for magnesium, because diseased heart
muscle tissue is seen to contain less magnesium than
healthy tissue. Sdill, it has to be pointed out that hard-
waters do not necessarily contain raised concentrations
of magnesium; this occurs only when the limestones
through which aquifer water passes are dolomitized,
and most English limestones are not. More details can
be found in Chapter 13.

Mapping diseases has also been a valuable tool for a
long time in China, where pioneering work has been
done by Tan Jianan (1989). Modern mapping tech-
niques are now widely used in medical geology;
mapping and analytical approaches to epidemiological
data are covered in Cliff and Haggett (1988), while dis-
cussions on using GIS and remote sensing, as well as
several examples, are offered in Chapters 26 and 27.

D. Dental Health Provides an Example of the
Significance of Element Substitutions in Crystals

Dental epidemiology has provided some of the most
convincing evidence that trace elements can affect the
health of communities (Davies & Anderson, 1987).
Dental caries is endemic and epidemic in many coun-
tries, so a large population is always available for study.
Because diagnosis relies upon a noninvasive visual
inspection that minimizes ethical restrictions, a high
proportion of a target population can be surveyed.
Where the survey population is comprised of children
(typically 12 year olds), the time interval between sup-
posed cause and effect is short, and it is possible to make
direct associations between environmental quality and
disease prevalence. In the case of fluoride, a direct link
was established over 50 years ago that led to the suc-
cessful fluoridation of public water supplies. This is an
example of medical geology influencing public health
policy. The relationship between dental caries and envi-
ronmental fluoride, especially in drinking water, is
probably one of the best known examples of medical
geology. So strong is the relationship that the addition
of 1 milligram of fluoride per liter to public water
supplies has been undertaken regularly by many water
utilities as a public health measure.

The history of the fluoride connection is worth
recounting. In 1901, Dr. Frederick McKay opened a
dental practice in Colorado Springs, Colorado, and
encountered a mottling and staining of teeth that was
known locally as “Colorado stain.” The condition was
so prevalent that it was regarded as commonplace but
no reference to it could be found in the available liter-
ature. A survey of schoolchildren in 1909 revealed that
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87.5% of those born and reared locally had mottled
teeth. Inquiries established that an identical pattern of
mottling in teeth had been observed in some other
American areas and among immigrants coming from
the volcanic areas of Naples, Italy. Field work in South
Dakota and reports from Italy and the Bahamas con-
vinced McKay that the quality of the water supply was
somehow involved in the etiology of the condition. He
found direct evidence for this in Oakley, Idaho, where,
in 1908, a new piped water supply was installed from a
nearby thermal spring and, within a few years, it was
noticed that the teeth of local children were becoming
mottled. In 1925, McKay persuaded his local commu-
nity to change their water supply to a different spring,
after which stained teeth became rare.

A second similar case was identified in Bauxite,
Arkansas, where the water supply was analyzed for
trace constituents, as were samples from other areas.
The results revealed that all the waters associated with
mottled teeth had in common a high fluoride content
(2-13mgF/L™"). In the 1930s, it was suggested that the
possibility of controlling dental caries through the
domestic water supply warranted thorough epidemio-
logical-chemical investigation. The U.S. Public Health
Service concluded that a concentration of 1 mg fluoride
per liter drinking water would be beneficial for dental
health but would not be in any way injurious to general
health. Fluoride was first added to public water supplies
in 1945 in Grand Rapids, Michigan. Fluoridation
schemes were subsequently introduced in Brantford,
Ontario (1945); Tiel, The Netherlands (1953); Hastings,
New Zealand (1954); and Watford, Anglesey, and
Kilmarnock in Great Britain (1955). There is no doubt
that whenever fluorides have been used a reduction in the
prevalence of dental caries follows (Davies & Anderson,
1987; Leverett, 1982) (see also Chapter 12, this volume).

V. AN EMERGING PROFESSION

The field of medical geology (or geomedicine) has
developed around the world over the last few decades.
The development of activities and the organizational
structure of medical geology in a number of regions will
be discussed in this section, including the United States,
Great Britain, Scandinavia, some African countries, and
China.

As research interest in medical geology grew during
the 1960s, the desire emerged for conference sessions
or even entire conferences dedicated to the subject. The
late Dr. Delbert D. Hemphill of the University of

Missouri organized the first Annual Conference on
Trace Substances in Environmental Health in 1967, and
these meetings continued for a quarter of a century.
Early in the 1970s, several countries took the initiative
to organize activities within the field of medical geology,
and a symposium was held in Heidelberg, West
Germany, in October 1972. In the United States,
Canada, and Great Britain, research on relationships
between geochemistry and health were carried out, and
the Society for Environmental Geochemistry and
Health was established. Geochemistry has for a long
time maintained a strong position in the former Soviet
Union, and basic knowledge of this science is routinely
applied to medical investigations. Medical geology has
a long tradition in northern Europe, and the develop-
ment of this emerging discipline in Scandinavia has
been strong. In Norway, too, geochemical research
has been regarded as important for quite some
time.

In North America in the 1960s and 1970s, a number
of researchers made important contributions to our
understanding of the role of trace elements in the
environment and their health effects; among these are
Helen Cannon (1971), H. T. Shacklette er al. (1972),
and Harry V. Warren (1964). A meeting on environ-
mental geochemistry and health was held and sponsored
by the British Royal Society in 1978 (Bowie & Webb,
1980). Another landmark date was 1979, when the
Council of the Royal Society (London) appointed a
working party to investigate the role in national policy
for studies linking environmental geochemistry to
health. This was chaired by Professor S. H. U. Bowie
of the British Geological Survey (Bowie & Thornton,
1985). In 1985, the International Association of Geo-
chemistry and Cosmochemistry (IAGC) co-sponsored
with the Society for Environmental Geochemistry and
Health (SEGH) and Imperial College, London, the first
International Symposium on Geochemistry and Health.
Also in 1985, the journal Environmental Geochemistry
and Health first appeared (Thornton, 1985). In 1987, a
meeting on geochemistry and health was held at the
Royal Society in London, and in 1993 a meeting on
environmental geochemistry and health in developing
countries was conducted at the Geological Society in
London (Appleton et 4l., 1996).

Traditionally, the terms geomedicine and environmen-
tal geochemistry and health have been used. Formal recog-
nition of the field of geomedicine is attributed to Ziess,
who first introduced the term in 1931 and at the time
considered it synonymous with geographic medicine,
which was defined as “a branch of medicine where
geographical and cartographical methods are used to
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present medical research results.” Little changed until
the 1970s, when Dr. J. Lig, of Norway, redefined the
term as the “science dealing with the influence of
ordinary environmental factors on the geographic
distribution of health problems in man and animals”
(Lag, 1990).

The Norwegian Academy of Science and Letters has
been very active in the field of medical geology and has
arranged many medical geology symposia, some of
them in cooperation with other organizations. The pro-
ceedings of 13 of these symposia have been published.
Since 1986, these symposia have been arranged in col-
laboration with the working group Soil Science and
Geomedicine of the International Union of Soil
Science. The initiator of this series of meetings was the
late Dr. Lag, who was Professor of Soil Science at the
Agricultural University of Norway from 1949 to 1985
and who was among the most prominent soil scientists
of his generation, having made significant contributions
to several scientific disciplines. During his later years,
much of Dr. Lig’s work was devoted to medical geology,
which he promoted internationally through his book
(Lag, 1990).

The countries of Africa have also experienced growth
in the field of medical geology. The relationships
between the geological environment and regional and
local variations in diseases such as IDDs, fluorosis, and
various human cancers have been observed for many
years in Africa. Such research grew rapidly from the late
1960s, at about the same time that the principles of
geochemical exploration began to be incorporated in
mineral exploration programs on the continent. In
Africa, evidence suggesting associations between the
geological environment and the occurrence of disease
continues to accumulate (see, for example, Davies,
2003), but in many cases the real significance of these
findings remains to be fully appreciated. The reasons
are threefold: (1) the paucity of reliable epidemiologi-
cal data regarding incidence, prevalence, and trends in
disease occurrence; (2) the lack of geochemists on teams
investigating disease epidemiology and etiology; and
(3) a shortage of analytical facilities for measuring the
contents of nutritional and toxic elements at very low
concentration levels in environmental samples (Davies,
1996). Confronting these challenges, however, could
prove to be exceedingly rewarding, for it is thought that
the strongest potential significance of such correlations
exists in Africa and other developing regions of the
world. Unlike the developed world, where most people
no longer eat food grown only in their own area, most
of the people in Africa live close to the land and are
exposed in their daily lives, through food and water

intake, to whatever trace elements have become con-
centrated (or depleted) in crops from their farms
(Appleton ez al., 1996; Davies, 2000).

The first real attempt to coordinate research aimed
at clarifying these relationships took place in Nairobi in
1999, when the first East and Southern Africa Regional
Workshop was convened, bringing together over 60
interdisciplinary scientists from the region (Davies &
Schliiter, 2002). One outcome of this workshop was
the constitution of the East and Southern Africa
Association of Medical Geology (ESAAMEG), estab-
lishing it as a chapter of the International Medical
Geology Association (IMGA). The Geomed 2001
workshop held in Zambia testified to the burst of inter-
est and research activities generated by that first work-
shop (Ceruti ez al., 2001). As a result of this increasing
awareness of medical geology problems around the
continent, membership and activities of the ESAAMEG
have continued to grow. This is a welcome sign on both
sides of what has hitherto been an unbridged chasm
between geology and health in Africa.

China has a long history of medical geology. Chinese
medical texts dating back to the third century BC contain
several references to relationships between geology and
health. During both the Song Dynasty (1000 BC) and
the Ming Dynasty (14th-17th century), lung ailments
related to rock crushing and symptoms of occupational
lead poisoning were recognized. Similarly, as noted
earlier, the Tang Dynasty alchemist Chen Shao-Wei
stated that lead, silver, copper, antimony, gold, and iron
were poisonous.

In the twentieth century, much research has been
carried out in China (for example, on the selenium-
responsive Keshan and Kashin Beck diseases) that has
resulted in clarification of the causes of a number of dis-
eases, including endemic goiter and endemic fluorosis.
One of the centers for this research has been the
Department of Chemical Geography at the Chinese
Academy of Sciences. At this institute, several publica-
tions have been produced, such as The Atlas of Endemic
Diseases and Their Environments in the People’s Republic of
China (Jianan, 1985). Also the Institute of Geochem-
istry in Guiyang in Southern China is known for its
studies in the field that is now referred to as medical

geology.

VI. PROSPECTS

As we progress into the early years of the twenty-first
century, it can be safely claimed that medical geology
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has emerged as a serious professional discipline. If
respect for medical geology as a discipline is to continue
to grow, then future studies must go well beyond sim-
plistic comparisons of geochemical and epidemiological
data. Dietary or other pathways must be traced and
quantified and causative roles must be identified with
regard to target organs or body processes. Moreover,
studies must become predictive. Occasionally, simple
direct links between geochemistry and health may be
identified, but even in these instances confounding
factors may be present (for example, the possible role of
humic acids in arsenic exposure or the established role
of goitrogenic substance in goiter). Ordinarily, geo-
chemistry will provide at best only a risk factor: Unusual
exposures, trace element deficiencies, or elemental
imbalances will contribute toward the disturbance of
cellular processes or activation of genes that will result
in clinical disease. The problem of geographical vari-
ability in disease incidence will remain.

Rapid growth in the field of medical geology is pre-
dicted, as it is a discipline that will continue to make
valuable contributions to the study of epidemiology and
public health, providing hyperbole is avoided and a dia-
logue is maintained among geochemists, epidemiolo-
gists, clinicians, and veterinarians.

The structure of all living organisms, including
humans and animals, is based on major, minor, and trace
elements—given by nature and supplied by geology.
The occurrence of these gifts in nature, however, is dis-
tributed unevenly. The type and quantity of elements
vary from location to location—sometimes too much,
sometimes too little. It is our privilege and duty to study
and gain knowledge about natural conditions (e.g., the
bioavailability of elements essential to a healthy life),
and the field of medical geology offers us the potential
to reveal the secrets of nature.

SEE ALSO THE FOLLOWING CHAPTERS

Chapter 9 (Volcanic Emissions and Health) ® Chapter
11 (Arsenic in Groundwater and the Environment) ®
Chapter 12 (Fluoride in Natural Waters) ® Chapter 13
(Water Hardness and Health Effects) ® Chapter 14
(Bioavailability of Elements in Soil) ® Chapter 15 (Sele-
nium Deficiency and Toxicity in the Environment) ®
Chapter 16 (Soils and Iodine Deficiency) ® Chapter 20
(Animals and Medical Geology) ® Chapter 23
(Environmental Pathology) ® Chapter 26 (GIS in
Human Health Studies) ® Chapter 27 (Investigating

Vector-Borne and Zoonotic Diseases with Remote

Sensing and GIS)
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The essentiality of elements and particularly trace ele-
ments is often inadequately defined. Chapter 6 offers a
working definition of major, minor, and trace elements.
The biological functions of the major elements are
reviewed, followed by an in-depth discussion of the
minor elements (including calcium and magnesium) and
an emphasis on the biological functions of trace elements.

The discussion in Chapter 7 takes a more physiolo-
gical approach to geological sources of elements. This
chapter reviews sources of essential elements and
discusses their bioavailability.

Toxicity is inherent in all elements. For many essen-
tial elements, nutritional deficiency may be the
common issue. Chapter 8 discusses the concepts of
nutritional deficiency and toxicity, beginning with an
introduction to biological responses. Various aspects of
elements as toxins, and carcinogens are featured in this
chapter.
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I. NATURAL BACKGROUND

A widely recognized biological characteristic of a
healthy and sustainable environment is diversity—as
with biology, so with geology. Regions characterized by
the presence of different bedrock units, and different
surficial materials in areas affected by recent (geologi-
cally speaking) glaciation, develop varied landscapes
that support differing ecosystems. Examples of varied
landscapes range from Alpine and Cordilleran moun-
tains, through gentler landscapes of rolling hills, to the
glacial plains of Northern Europe and North America,
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CHAPTER 2

NATURAL
DISTRIBUTION AND
ABUNDANCE OF
ELEMENTS

RoBerT G. GARRETT
Geological Survey of Canada

or similarly from the high Himalayas, through verdant
foothills, across fertile plains to the desert of Sind. In
the parts of the world characterized by stable geologi-
cal platforms, where mountain building has not taken
place for many hundreds of millions of years and there
have been long periods of landscape development,
peneplains are the eventual outcome. Their topography
is gentle without mountains. High relief areas are
largely limited to inselbergs or ravines and river valleys
where, due to crustal uplift, modern rivers and streams
are cutting down into and eroding the old land surfaces.
These are the physical expressions of the underlying
geology, but there is another changing characteristic
that cannot be seen directly—the chemistry of the
underlying rocks and sediments and the soils that lie
upon them.

It is the soils that either directly, or indirectly, sustain
the vast majority of life on terrestrial parts of Planet
Earth. The plants people eat (cereals and vegetables) or
use (e.g., wood for construction, fibers for fabric and
line, maize or sugar cane for ethanol production) grow
in the soil. Furthermore, soils interact with precipita-
tion as it moves from surface to groundwater storage;
they are vital to sustaining life.

Soils have developed over very different time spans,
from those on the peneplains of Africa, Australia, and
South America thatare hundreds of millions of years old,
to soils developed over the last few decades on recentvol-

© 2004, Her Majesty the Queen in right of Canada.
All rights of reproduction in any form reserved.
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canic material, and on freshly deposited silts from rivers
that have overflowed their banks. Soils that have devel-
oped on glacial sediments are somewhat older. As the last
ice retreated, about 8-12 thousand years ago, at the close
of the Wisconsin (North America) and Weischelian or
Wiirm (Northern Europe) Ice Ages, a bare landscape was
exposed. What lay underfoot was poorly sorted glacial
till, a mixture of eroded rock and sometimes previous
soil, containing material from cobbles and large “rocks”
down to finely ground mineral fragments. In places
where glacial rivers had flowed under the ice, sinuous
sand ridges called eskers were deposited. Where the
rivers emerged from under the ice outwash fans were
formed, and these became deltas when they flowed into
glacial lakes. Sand dunes often formed near these glacial
river outlets and back from lake shores as there was no
vegetative cover to anchor the newly deposited sedi-
ments and save them from wind erosion as they dried.
The soil cover had yet to form.

The soils that sustain life develop as an interaction
between the solid rock or unconsolidated surface
material, the climate, and biological and other physical
processes. Over time vertical zonations called profiles
develop as a function of the interaction of these
processes (see also Plant et al., 2001, Figure 6). Many
soils are characterized by an organic, carbon-rich black
upper layer (the L, F and A horizons); sometimes a
sandy textured light-colored layer (the A. horizon);
commonly a brownish or reddish layer richer in iron
and some other elements, organic matter, and minerals
(the B horizon); and finally, the weathered soil parent
material (the C horizon). Other characteristics develop
where the soils are wet; in arid (desert) regions; or
frozen in high northern and southern latitudes. In
extreme northern and southern latitudes, polar deserts
may form, or where there is sufficient moisture, per-
mafrost may form. In the tropics the upper organic-rich
A horizons are often thin due to the rapid degradation
of the leaf litter and other organic materials present;
below these iron-rich B horizons develop. In very old
soils the B horizons may become cemented with iron
oxides to form hard carapaces—variously named duri-
crust, ferricrete, or canga. One of the key outcomes of
soil formation is that chemical elements commonly
become vertically redistributed by the pedological (soil-
forming) processes acting in the biogeochemical cycle.
Within this major cycle many smaller cycles exist, such
as that from soil to plant, back to soil, and soil to plant
(see Section V for further discussion).

Natural backgrounds characterize the chemistry of
rocks and surface materials, including soils, river and
lake sediments, and biological tissues. Differences in

natural backgrounds arise due to landscape-forming
processes, which in turn are influenced by diversity in
the underlying geology. There is no one natural back-
ground level for any solid material in or on the Earth
as the Earth is far too inhomogeneous (diverse). For
there to be a single natural background for any sub-
stance it would have to be homogeneously distributed
throughout the planet, and that situation is only
approached in the atmosphere, where the major
weather systems of the globe keep the atmosphere
relatively well mixed in each hemisphere. Therefore,
natural backgrounds are variable, and this chapter
discusses and illustrates that reality.

Natural background concentrations of elements
provide the pool of essential chemical elements required
by biological processes; therefore, they are vitally
important. Life on Planet Earth has developed in the
presence of all the 97 naturally occurring elements
of the periodic table. To varying extents biological
processes employ these elements to fulfill specific bio-
chemical tasks which ensure the continuation of life.
However, in addition to essentiality there is toxicity
(see also Chapter 8, this volume). A few elements,
e.g., mercury, lead, and thallium, have no known essen-
tial role in sustaining life. On the contrary, at high levels
in biota they may be toxic and cause dysfunction and
eventually death. In this context, the case of mercury in
fish is interesting. Although fish appear to be able to
bioaccumulate mercury dominantly as highly toxic
methyl-mercury species, without harm to themselves,
the consumption of these fish by mammals leads to ele-
vated mercury levels that can be cause for concern.
Others, such as cadmium, are toxic at high levels in most
animal life, but may be essential for metabolic processes
that support life in some species (this is an area of
current research). Other elements appear benign, for
example, bismuth and gold; the latter is even used for
dental reconstruction. Finally, a great number of ele-
ments are bioessential at some level. Calcium is neces-
sary for building bones and shells; and iron is important
in blood in higher mammals and vanadium and copper
for similar roles in marine biota. Other major and trace
elements, e.g., sodium, potassium, magnesium, copper,
nickel, cobalt, manganese, zinc, molybdenum, sulfur,
selenium, iodine, chlorine, fluorine, and phosphorus are
also essential for a variety of biotic processes. For most
elements it is a question of balance, enough to ensure
the needs of essentiality and good health, but not
too much which might cause toxicity. As Paracelsus
stated 450 years ago and paraphrased to modern
English: “The dose makes the poison.” It is the
imbalance between amounts available naturally and
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FIGURE 1 Copper content (mgkg™) of soils in the conterminous United States. (After Gustavsson et al., 2001 and Shacklette &
Boerngen, 1984. Reproduced with the permission of the United States Geological Survey.)

those needed to sustain a healthy existence that poses
the issues of medical geology.

II. A CHEMICALLY VARIABLE EARTH

An impressive way to demonstrate the chemical vari-
ability of the Earth’s surface is with maps. Figure 1 dis-
plays the distribution of copper in the soils across the
conterminous United States (7.84 million km?), which
is about 5.3% of the Earth’s land surface. What is
important to know when using such a map and data is
how the soil samples were collected, processed, and ana-
lyzed. These are critical facts that influence the conclu-
sions drawn from geochemical data. In this instance the
soils, characterized as natural supporting native vegeta-
tion or agricultural, were collected from 20cm below
the surface at sites generally over 100m from roads.
The soils were dried, disaggregated, and the fraction
that passed a 2-mm stainless steel sieve was pulverized
and directly analyzed by optical emission spectroscopy.

This method of analysis, which does not involve a
chemical dissolution step, measures all of the copper
present in the sample and is referred to as a “total”
analysis. The samples used to prepare the map were col-
lected by the U. S. Geological Survey between 1961 and
1975, and although over 25 years old, they still repre-
sent one of the few continental-scale depictions avail-
able (Shacklette & Boerngen, 1984; Gustavsson et al.,
2001).

What are the noticeable features of these data? First,
the map indicates they range from 7 to 63 mgkg™". This
is almost an order of magnitude; however, in reality
the individual 1323 sample analyses ranged from <1 to
700mgkg™", almost three orders of magnitude, yet they
were all collected from uncontaminated, background
sites. The reduction in range in the scale from three to
one order of magnitude is due to the smoothing process
used to prepare the map (Gustavsson et al., 2001). Spa-
tially, striking features are the high levels in the north-
west versus the low levels in the southeast. An applied
geochemist would state, the high background levels,
etc. and Figure 1 is a graphic example of how natural
background levels vary spatially. The high copper
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background in the west is associated with the Columbia
River basalts (C on Figure 1) and basaltic volcanic rocks,
e.g., the Klamath Mountains (K), in northern California
and adjacent Oregon. The low copper backgrounds in
the southeast in Florida and extending northward are
associated with limestones in Florida and old beach sand
Piedmont deposits (P) at the foot of the Appalachian
mountains through Georgia and the Carolinas. Similarly
low levels occur in the area of the Nebraska Sand Hills
(S). Other notable features are high background levels in
Minnesota associated with the Duluth gabbro (D), in
Arizona (A) where major porphyry copper deposits have
been mined, in southwestern Colorado associated with
the Central Mineral Belt (CM), and in northern Maine
(M) adjacent to a mineral-rich region in adjoining New
Brunswick, Canada. More subtle, but recognizable fea-
tures are the locally elevated levels along the lower Mis-
sissippi River valley due to an abundance of overbank
levee sediments deposited when the river overflowed its
banks (MP). Similarly, the native (metallic) copper
deposits of the Keweenaw Peninsula (K) are reflected by
locally elevated values. Other areas of elevated or
depressed background can be related to a variety of geo-
logical and pedological features. Although sites were
avoided that may have been directly contaminated, some
may have been influenced by airborne transport from
local or major remote sources.

Clearly to speak of a single background level for
copper in United States soils does the reality a great
injustice. There is no one average background level.
Backgrounds need to be regional and reflect contiguous
areas where the processes influencing background levels
are similar. Secondly and most importantly, background
levels are not single average values but are ranges
reflecting the natural heterogeneity of the entity being
characterized.

However, having said this, average values are fre-
quently published, e.g., Wedepohl (1995), Reimann
and de Caritat (1998), and Kabata-Pendias (2000), for
different sample media such as rocks, soil, and waters.
These provide a useful service in establishing order of
magnitude levels for the abundance of elements in
various materials, and compilations such as Reimann
and de Caritat provide a great amount of useful infor-
mation. As a historical note, global averages are some-
times referred to as “Clarkes,” after E. W. Clarke who
was the chief chemist at the U. S. Geological Survey
from 1884 to 1925. Clarke and Washington (1924) were
the first persons to attempt to characterize geochem-
istry on a global scale with publication of an average
composition for igneous rocks based on a collection of
5159 “superior” analyses.

Applied geochemists apply two descriptors to data in
the context of background distributions: level and relief.
Level is the central tendency of concentrations or
measures of the amount of some property for a sampled
unit. The unit could be rock, soils, waters, and vegetable
matter or any discrete sample type for a specified
geographic area. The central tendencies are most
frequently expressed as a mean, geometric mean, or
median. The median is widely used as it is unaffected
by the occurrence of a high proportion of abnormally
high or low values; it is robust in a statistical sense.
Relief has no formal accepted numerical measure, but
is an expression of the homogeneity of the data. Data
with a small range, tight about the central tendency, are
said to have low relief, whereas data with a large range,
or exhibiting skewness, are said to have high relief. This
term is also used in a spatial context, when a discrete
area of a geochemical map is characterized by locally
variable, “noisy” data, that area is said to have “high
relief.” High relief data are characteristics of areas of
complex geology and/or multiple processes, and these
could be associated with the formation of mineral
occurrences, weathering, soil formation, etc. Statistical
measures such as coefficient of variation (relative stan-
dard deviation), standard deviation, or median absolute
deviation have been used to objectively quantify relief.
The key issue is that background is not sufficiently char-
acterized by a single number. Background is character-
ized by a range of values and some quantification is
desirable, whether it be quoting percentiles of the data
distribution or the computation of some statistic. The
advantage of quoting percentiles is that they involve no
assumptions as to the statistical distribution of the data.
These data are very often mixtures of several distribu-
tions related to different bedrock units or materials
derived from them and different processes, e.g., the
presence of mineral occurrences or weathering and
pedological factors. The greater the diversity of an area
described, the more likely is it that there are multiple
data populations present.

It is common for data from areas not characterized
by the presence of anthropogenic contamination,
mineral deposits, or a particularly diverse geology to
span in excess of an order of magnitude. Figure 2 pre-
sents box-and-whisker plots for trace element concen-
trations in the <2 mm fraction of 973 surface (0-20 cm)
soils collected from the Canadian Prairies in 1992.
These soils developed on glacial sediments derived
dominantly from the sedimentary rocks—i.e., lime-
stones and dolomites (carbonates), shales and sand-
stones—of the Western Canadian Sedimentary Basin,
and to a lesser extent from Canadian Shield rocks to the
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FIGURE 2 Selenium, molybdenum, cobalt, copper, and zinc
contents (mgkg™') of the <2mm fraction of soils (N = 973) from
the Canadian Prairies. These were chosen because of biological
importance. Note: Crosses indicate maximum and minimum
values, ends of whiskers are the 5th and 95th percentiles, the
box is bounded by the Ist and 3rd quartiles, and the bar indi-
cates the median. If a notch is present rather than a bar, the
notch indicates the 95% confidence bounds around the median,
which is at the narrowest point.

northeast and north, and material from the Rocky
Mountains to the west. As can be seen, the data span
between one and one-and-a-half orders of magnitude.
Most of the elements exhibit a positive skew, i.e., a
greater abundance of higher values than lower. The
cobalt data are an exception and exhibit a negative skew.
The element with the greatest skew is molybdenum.
Shales with abnormally high molybdenum levels occur
in the region, and the distribution reflects this fact. The
molybdenum data are characterized as having a greater
relief than the other trace element data.

A soil survey undertaken using similar field sampling,
sample preparation, and analytical protocols was under-
taken in Ontario, Canada, in 1994. This survey included
the Sudbury region which contains some of the largest
nickel deposits in the world. For comparison, the same
trace elements are plotted in Figure 3. The differences
between the mid-50% of the data are small—molybde-
num and cobalt levels in surface soil are higher in
Ontario, while selenium levels are lower. What are dif-
ferent are the ranges and skewness of the data or their
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FIGURE 3 Selenium, molybdenum, cobalt, copper, and zinc

contents (mgkg™') of the <2mm fraction of soils (N = 294) from
southern Ontario.

relief, which reflect the differences in geological diver-
sity between the two survey areas. The range of the
molybdenum data is greater in the Prairies, and the
skew is greater reflecting the shales mentioned above.
In the Ontario data, the ranges of the selenium, copper,
and zinc data are larger which reflects the greater geo-
logical diversity (both older Shield rocks and younger
Phanerozoic sediments) relative to the Canadian
Prairies. Of particular significance is the increased
positive skew or higher relief of the copper data, which
reflects the presence of copper in the nickel deposits of
the Sudbury basin.

The Sudbury ore deposits contain a wide range of
metals present as sulfides and arsenides, and many are
recovered commercially. Figure 4 presents the Ontario
soil data for arsenic, cobalt, copper, and nickel. The
deposits influence a small number of the survey sample
sites, so the central parts of the distributions are not
affected by their presence. Only the extremes for the
major metals produced, i.e., nickel and copper are
affected. The impact of the Sudbury basin, both as a
geological and anthropogenic source (stack emissions),
on what would be described as the background data
distribution can be seen in Figure 5. The main part of
the data spans one order of magnitude between 6 and
50mgkg™" nickel; two individuals 3 mgkg™) that fell
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FIGURE 4 Arsenic, cobalt, nickel, and copper contents (mg
kg™) of the <2mm fraction of soils (N = 294) from southern
Ontario. These were chosen as they represent the Sudbury
copper-nickel ore deposits.

below the detection limit of the analytical procedure
(6mgkg™) were arbitrarily set to half that limit; and
most interestingly, a group of five individuals extend
the range of the data a further order of magnitude to
500mgkg " nickel. It is this latter group of samples that
causes the data to have high relief and reflect the pres-
ence of the Sudbury basin, its mineral deposits, and its
smelting facilities.

Background distributions may be influenced by nat-
urally occurring high concentrations of trace elements
and metals sometimes referred to as “natural contami-
nation”, with the resultant data exhibiting a high relief.
Such natural processes that lead to the accumulation of
elements at specific sites in the Earth’s crust are what
make them available to society for use. They raise con-
centrations to a level described as “ore”, i.e., that which
can be extracted from the ground at a profit (noting that
there are many different economic and social models
to define profit). Often in such regions there are
also areas of unusually low trace element and metal con-
centrations called alteration zones, which reflect where
natural processes have removed metals to transport and
concentrate them elsewhere. When this occurs the
relief of data associated with ore elements can be very
high. In general, “ore grades” exceed average crustal
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FIGURE 5 Cumulative probability plot of nickel contents
(mgkg™) of the <2mm fraction of soils (N = 294) from south-
ern Ontario, which demonstrate how mineral deposits are
reflected by high outlying concentrations of an element in the
ore.

abundance levels by two to four orders of magnitude
(McKelvey, 1960), which results in natural ranges of
trace element and metal concentrations in areas char-
acterized by mineral deposits of four or more orders of
magnitude. This depends on how much “ore-grade”
material was incorporated in the samples collected. Two
examples are provided below.

First, and to demonstrate that spatial scale has no
effect on natural backgrounds per se, data for the nickel,
copper, and zinc content of 292 glacial dll samples
collected from the walls of two adjacent trenches
cutting across the Nama Creek copper-zinc deposit at
Manitouwadge, Ontario, are presented in Figure 6.
These trenches, about 300m long and up to 4m deep,
were dug and sampled prior to the development of the
deposit. The nickel distribution, as a measure of back-
ground—there are no nickel sulfides in the deposit—
spans one-and-a-half orders of magnitude exhibiting
low relief similar to the background distributions of
most metals in the earlier examples. However, this is not
the case for copper and zinc, which span over two-and-
a-half orders of magnitude, exhibiting high relief, each
due to the incorporation of ore-minerals containing
these elements into the glacial tll by the erosion of the
mineral deposit. The additional order of magnitude
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FIGURE 6 Nickel, copper, and zinc contents (mgkg™') of the
<63 um fraction of glacial tills (N = 292) from the Nama Creek
deposit, Manitouwadge, Ontario. This demonstrates the impact
of a copper—zinc deposit on the data with anomalously high
copper and zinc levels in till samples derived from the erosion
of the ore deposit.

reflects the presence of the mineral deposit, a factor
which increases the geological and geochemical diver-
sity in the area.

The second example is a regional stream sediment
survey of approximately 80,000 km? from Goias State in
central Brazil. The area is extremely diverse geologi-
cally with a wide range of sedimentary, igneous, and
metamorphic rocks present, and it is blanketed by
residual soils that have developed iz situ. Of importance
to the example is that the rocks range from “metal-
poor” limestones and sandstones and their metamor-
phic derivatives to wultramafic igneous intrusives
containing nickel and copper mineral occurrences. The
distribution of nickel in the <177um fraction of the
stream sediments is presented in Figure 7, where data
span almost four orders of magnitude. These data are
largely uninfluenced by anthropogenic activities, and
therefore reflect natural processes. Four features are
noteworthy: (1) 2% of these data were below the ana-
lytical detection limit of 2mgkg™; (2) these and data up
to 132mgkg™ (99% of all the data) reflect the variation
of a wide group of different rock types and soil-forming
processes active in the region; (3) the upper tail of the
distribution reflects samples collected from areas under-
lain by nickel-rich ultramafic rocks; and (4) the highest
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FIGURE 7 Cumulative probability plot of nickel (mgkg™) in
the <177um fraction of stream sediments (N = 7778) from
Goias State, Brazil. The flexure above 100mgkg™ reflects the
presence of nickel-rich ultramafic rocks, and the outlying values
above 1500mgkg™ reflect the nickeliferous pyrrhotite mineral
occurrences within them.

levels, in excess of 1000mgkg™, reflect the presence of
nickel sulfide occurrences.

Thus the controlling factor in determining the range
of natural background is not the size of an area, but the
diversity of the geology present. High diversity, due to
some combination of contrasting rock types and/or the
presence of mineral deposits, leads to geochemical data
that are similarly diverse, i.e., they are characterized by
high relief. Another example of the presence of inter-
esting patterns at widely different scales can be seen in
Plate 3-1 of Darnley et al. (1995). This plate displays
the copper stream sediment geochemistry of the island
of St. Lucia, approximately 40km’, juxtaposed to the
internal nickel chemistry of a grain of a platinum-
bearing mineral 10um’ in area. The difference in scale
(area) is of the order of 10", yet well-designed sampling
and analytical procedures at both scales reveal patterns
of interest and geochemical significance.

Due to the diversity of geology and secondary envi-
ronmental conditions, a vast number of regional and
local backgrounds exist. This can be problematic when
natural background distributions are used to establish
national reference levels for regulatory purposes. For
these to be effective they need to be very clearly defined
as to what “environment” they represent, and they need
to be based on adequately large sample sets. It is most
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important that data are not used out of the context of
their collection. This issue can be exacerbated if mea-
sures of central tendency are used as national reference
levels, because this immediately implies that approxi-
mately 50% of all measurements relevant to the refer-
ence level will fall above the quoted value.

To avoid this problem, reference levels associated
with environmental regulations are sometimes quoted
at some other level, e.g., mean plus two standard devi-
ations—notionally the 97.5th percentile of data derived
from the estimated mean and standard deviation. In
using this procedure an assumption has to be made,
often implicitly with no discussion of the ramifications,
as to the distribution of the data—normal, lognormal,
or some other model. This can be fraught with prob-
lems, especially as the “geographic units” from which
reference levels are derived get larger and more geo-
logically and environmentally diverse. In such cases
these data are likely drawn from a number of different
distributions and agglomerated into a “mixture”. Often
these mixtures appear to have lognormal distributions,
despite the fact that many of the underlying compo-
nents are more likely to have normal distributions
(Vistelius, 1960). An alternative is to use a percentile of
the natural background distribution as a reference value.
An example of such a procedure is the use of an Ontario
Typical Range 98 (OTR”) value by the Department of
Environment of the government of the Province of
Ontario, Canada, which corresponds to the 98th
percentile of the background data for a specific entity,
e.g., residential lands. Every distribution has a 98th per-
centile; natural processes may be the cause of higher
observed levels, and anthropogenic contamination may
result in levels lower than the 98th percentile. Accept-
able numbers of false positives or negatives, i.e., type I
and II statistical errors, are chosen during the selection
of any particular percentile. However, the OTR” level
is used to trigger an investigation into whether the
excedance is due to natural phenomena or is the
result of anthropogenic contamination. If it is the latter,
appropriate actions are taken on a site-specific basis.

I[1l. MINERAL CHEMISTRY—
THE KEY TO THE DISTRIBUTION
OF ELEMENTS IN ROCKS

A natural question is: Why is there such diversity in the
chemistry of surface materials? The answer lies in the

composition of the individual minerals that compose
rocks. Their properties are carried forward to other
materials through erosional, weathering, and soil-
forming processes, and are transferred to varying
extents to waters that pass through these solid phase
materials. In some respects the chemical diversity is self-
fulfilling, as the main criteria that geologists use to
“name” a rock, particularly in the field, are its mineral-
ogy and texture (the shapes and interactions of and
between the individual minerals). To have different
names rocks must be visibly different from each other.

The major components of the common, abundant
rock types are silicates. The exceptions are rocks such
as limestones and dolomites and their metamorphic
derivatives (marbles), which are composed of calcium
and magnesium carbonates. Other exceptions include
sedimentary rocks containing phosphates and iron car-
bonates. Oxide, hydroxide, sulfide, and other minerals
can also host the trace elements found in biological
systems.

Silicates and aluminosilicates are important minerals
in geochemistry, particularly ferromagnesian minerals,
feldspars, and phyllosilicates (e.g., micas and clays).
These minerals all contain silicon and sometimes
aluminum as major components. When they occur
alone in a mineral they are present, respectively, as ubiq-
uitous quartz and the rare corundum. Corundum occurs
as the gemstones ruby and sapphire where the colors are
induced by trace amounts of chromium (ruby), iron, or
titanium (sapphire). The ferromagnesian minerals and
feldspars are important as they, respectively, contain
iron and magnesium, and calcium, sodium, and potas-
sium as major components. The presence of these ele-
ments establishes a situation where other physically
similar elements may enter the lattices of the mineral
crystals. It is this phenomenon that results in the wide
range of trace element concentrations observed in
rocks.

Minerals are rarely “pure” and are commonly con-
taminated with a wide range of other elements present
at “trace” concentrations. Pure minerals are so rare, and
often beautiful, that they are only seen in museums and
mineral collections. The key to understanding which
trace elements enter different mineral crystal forms, by
a process known as substitution, is through knowledge
of the physical properties of ionic radius (Figure 8) and
electronegativity (Figure 9).

One example is the ferromagnesian mineral olivine,
which is a major component of many ultramafic and
mafic rocks and forms the essentially monomineralic
rock dunite. Its composition is (Mg, Fe),SiO,4, which
like many minerals is an intermediate form on a con-
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FIGURE 8 The relationship of ionic radius to ionic charge
(valence) for major and trace elements of mineralogical and geo-
chemical interest.

tinuous solid solution of two other minerals—pure
Mg,SiO,, forsterite, and pure Fe,SiO,, fayalite—which
themselves are rare. The ionic radii of iron and
magnesium in their two-valent states are 0.74 and
0.66A, respectively. Thus in the solid solution form,
olivine, there are crystal lattice sites that can just as
easily be occupied by other two-valent ions, such as
nickel (0.69A), copper (0. 72A), cobalt (0.72A), zinc
0.74 A), and with a bit more crystal stretch, manganese
(0.8A). The inclusion of manganese is facilitated by the
fact that there is a further solid solution between olivine
and monticellite, (Ca, Mg),SiO,, and the ionic radius of
two-valent manganese lies between that for calcium
(0.99A) and magnesmm (0.66A).

When iron occurs in the three-valent form it can be
incorporated into garnet group minerals, Fe;AL(SiOy);,
which are common accessory minerals in many
metamorphic rocks, and to a lesser extent, igneous
rocks. Garnet chemistry can also be expressed as
3R*0.R%,0;.3Si0,, where the superscript number indi-
cates the valence and the letter R indicates a metal. In
this latter form it can be seen that three-valent alu-
minum (0.514), iron (0.64A), chromium (0.63 A), and
titanium (0.76A) can enter the garnet crystal lattice.
Garnets are truly remarkable in this fashion, and can
host a wide range of divalent and trivalent metal ions.
It is known that they occur widely at the base of the
continental crust, as they come to the surface in rocks
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FIGURE 9 The relationship of electronegativity to ionic
charge (valence) for major and trace elements of mineralogical
and geochemical interest.

named eclogites entrained in certain volcanic extrusives,
and they are believed to be the host and “reservoir” for
many of the trace elements stored deep within the crust.

Similar examples can be provided for the other
important ferromagnesian minerals, and their capacity
to host trace elements by substitution is most easily
understood when their formulae are expressed in the
same way as garnets. Thus, pyroxenes expressed as
R*0O.R%0;.Si0, and amphiboles expressed as R*0.SiO,
can also contain aluminum and ferric iron and have
very complex chemistries. They may also include
hydroxyl groups and fluorine, epidotes expressed as
2R’0O.R’OH.R%0;.3Si0,, and micas, e.g., biotite,
expressed as K,0.3(Mg,Fe)O.3(Al,Si)O,.(OH),. These
examples again can have very complex chemistries.
Because of the abundant sites for divalent and trivalent
metal ions in sixfold coordination, and the ability for
small cations such as aluminum to replace silicon in
fourfold coordination, these ferromagnesian minerals
are hosts for a wide range of trace elements.

The aluminosilicate feldspars also play an important
role as hosts for larger ionic radius metal ions. Feldspar
chemistry lies between three end members: anorthite
(CHOA120325103), albite (Nazo.A1203.6Si02),
orthoclase (K,0.AL,0;.65i0,). The physical structure
of feldspars consists of SiO, and AlOy tetrahedra (silicon
and aluminum in fourfold coordination) in a three-
dimensional network. This network is elastic and
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TABLE I.

Classification of Elements as Lithophile, Chalcophile, Siderophile, or Atmophile

Lithophile Chalcophile

Siderophile Atmobphile

C, O, P H,F Cl Br, I, Si, Al, Fe,
Mg, Ca, Na, K, Ti, Sc, Cr,V,
Mn, Th, U, Nb, Ta, Sn, W, Be,
Li, Rb, Cs, Ba, Sr, B,Y, Zr, Hf,
rare earths (REEs), Ga, (Cd),
(Zn), (Pb), (Cu), (Ni),

(Co), (Mo), (TI)

S, Se, Te, As, Sb, Bi, Ag,
In, Ge, Tl, Hg, Cd, Zn,
Pb, Cu, Ni, Co, Mo, Re,
(Fe). (Sn). (Au)

Pt, Ir, Os, Ru, Rh, Pd, Au, N, O, C (as CO,), H, He, Rn,
(Fe) and other noble gases, (S as
oxides), (Hg)

accommodates not only the large positively charged
cations, calcium (0.99A), sodium (0.97A), and potas-
sium (1.33 A), but also strontium (1.12 A), lead (1.2 A),
barium (1.34A), rubidium (1.47A), and thallium (1.47
A), within its interstices.

Phyllosilicates are an important group of minerals in
both rocks and their weathering products. They include
silicate (e.g., talc) and aluminosilicate minerals com-
monly known as micas (e.g., phlogopite) and clays (e.g.,
montmorillonite), and may contain sodium, potassium,
calcium, iron, and magnesium. These minerals have a
sheeted mineral structure with pairs of sheets of SiO,
tetrahedra held together tightly by cations; these pairs
are held together loosely by other cations. In the case
of the mica biotite, iron and magnesium provide the
tight bonds and potassium the looser bonds. Muscovite
mica is similar, but the tight bonds are provided by alu-
minum. A wide variety of cations may replace the iron,
magnesium, and aluminum in the tight binding sites,
and other elements may substitute for the potassium
that loosely binds the sheets together. The breakdown
of silicates and aluminosilicates due to alteration or
weathering leads to the formation of a wide range of
clay minerals, which host a wide range of cations in
addition to silicon and/or aluminum. The mica and clay
minerals with the greatest ability to support substitution
with metal cations are generally those that employ iron
and magnesium at interlayer sites, e.g., montmoril-
lonite. In contrast, kaolinite or gibbsite only contains
aluminum and silicon or aluminum, respectively.

The elements discussed above are commonly called
lithophile (rock loving) and are distinct from other
elements referred to as chalcophile, siderophile, or
atmophile (Table I). The lithophile elements may
occur as silicates, aluminosilicates, oxides, carbonates,
sulfates, halides, phosphates, and vanadates, among
other mineral forms in the natural environment.

An important second group are the chalcophile ele-
ments (Table I), which are characterized by forming sul-
fides, arsenides, antimonides, selenides, and tellurides.
It is these compounds that form the ore minerals that
are the source of the nonferrous metals used by society.
Some of these minerals, particularly iron sulfides such
as pyrite and marcasite (FeS,), pyrrhotite (Fe_,S), and
the sulfarsenide arsenopyrite (FeAsS), and to a lesser
extent copper, zinc, lead, and molybdenum sulfides like
chalcopyrite (CuFeS,), sphalerite (ZnFeS,), galena
(PbS), and molybdenite (MoS,), occur in many igneous
and metamorphic and some sedimentary rocks. Due to
the large amounts of these trace elements that can be
held in sulfide and related minerals, it is not necessary
to have abundant sulfides, etc., present in order to raise
the levels of the chalcophile trace elements in rocks to
quite high levels. As with silicate and aluminosilicate
minerals, the chalcophile trace elements are often
present as substitutions in commonly found minerals
rather than in their own unique minerals. Again this is
the result of fundamental physical properties, in this
case electronegativity (Figure 9). As examples, silver and
mercury replace copper in many copper minerals,
cadmium and indium replace zinc in sphalerite, sele-
nium and tellurium replace sulfur, and arsenic and
antimony occur interchangeably in others and with
sulfur. In iron sulfides copper, cobalt, and nickel com-
monly substitute for iron. In igneous and metamorphic
rocks sulfides exist as blebs and crystals along the
boundaries between the majority silicate and alumi-
nosilicate minerals. In addition to this, they may occur
within the rock-forming minerals along fracture planes.
This is the result of a process known as exsolution,
which occurs as rocks cool down and the individual
rock-forming crystals are less able to accommodate
incompatible components. The offending substances
are then rejected to form discrete minerals along
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TABLE I1. Common Geochemical Associations

Group Associations

Generally associated elements K-Rb Ca-Sr
Al-Ga Si-Ge
Zr-Hf Nb-Ta

Plutonic rocks
Generally associated elements

Specific associations

Felsic igneous rocks

Alkaline igneous rocks

Mafic igneous rocks

Ultramafic igneous rocks

Some pegmatites

Some contact metasomatic deposits
Potassium feldspars

Many other potassium-rich minerals
Ferromagnesian minerals

Sedimentary rocks
Fe-oxide rich
Mn-oxide rich
Phosphatic limestones
Black shales

Rare earths (REEs), La, Y
Pt-Ru-Rh-Pd-Os-Ir  Au-Ag

Si-Al-Fe-Mg-Ca-Na-K-Ti-Mn-Cr-V
Zr-Hf-REEs-Th-U-Sr-Ba-P
B-Be-Li-Sn-Ga-Nb-Ta-W-Halides

Si-K-Na
Al-Na-Zr-Ti-Nb-Ta-F-P-Ba-Sr-REEs
Fe-Mg-Ti-V

Mg-Fe-Cr-Ni-Co
Li-Be-B-Rb-Cs-REEs-Nb-Ta-U-Th
Mo-W-Sn

K-Rb-Ba-Pb

K-Na-Rb-Cs-TI
Fe-Mg-Mn-Ni-Co-Cu-Zn

Fe-As-Co-Ni-Se
Mn-As-Ba-Co-Mo-Ni-V-Zn
P-F-U-Cd-Ag-Pb-Mo
Al-As-Sb-Se-Mo-Zn-Cd-Ag-U-Au-Ni-V

After Rose, Hawkes, and Webb, 1979.

internal lines of crystal weakness or completely to a dis-
crete mineral grain boundary.

Siderophile and atmophile elements are less impor-
tant in the following discussion. The siderophile ele-
ments form alloys with iron and these are important
sources of platinum group metals, together with gold,
to society. The atmophile elements are ubiquitous in
relatively hemispherically homogeneous atmospheres.
Mercury is the only metal that occurs as a gas at “normal
temperatures and pressures,” and this permits its
transport over long distances independent of fluvial
systems.

Although not strictly a crystalline mineral phenome-
non, many elements are associated with organic matter
in sedimentary rocks and metamorphic rocks derived
from them. This is due to two general processes: (1) the
ability of organic compounds to sequester and adsorb
trace elements, e.g., copper and mercury; and (2) the
actual formation of metallo-organic compounds to

fulfill particular biochemical functions such as copper
and vanadium in the heme of marine invertebrates. In
the geological context, organic matter is only preserved
in rocks under anoxic conditions, which due to the
prevalent redox conditions are also sulfur-reducing
environments that lead to the presence of sulfides. This
is particularly important in the formation of rocks
described as “black shales” that can become enriched in
many trace elements.

As a result of these relationships geochemists have
observed consistent patterns in the distribution of many
elements. Some of the more interesting of these ele-
ments are presented in Table II. Several of the associa-
tions are related to mineral deposits, which are major
natural sources of elements to the Earth’s surface envi-
ronment, and the processing of the ores can be major
anthropogenic sources of contamination if appropriate
emissions controls are not installed at processing plants
and smelters.
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In the secondary, weathering, environment most of
the ferromagnesian and aluminosilicate minerals are
unstable and break down to more hydrated forms, e.g.,
phyllosilicates, oxides, and hydroxides and residual silica
(quartz). During this process the trace elements held
in the rocks are liberated: some are removed in solution
as surface runoff or enter groundwater, and others
are incorporated into new minerals or sequestered by
organic matter. Two key mineral forms capable of
retaining trace elements are the phyllosilicates, miner-
als such as smectites and chlorites, and the oxides and
hydroxides of iron and manganese. The phyllosilicates
sequester trace elements by two processes: by cation
exchange to constant electrical-charge sites on the
tabular surfaces of the minerals, and by adhering to the
broken edges of the clay particles where variable charge
sites occur. Smectites are particularly effective in this
role as they have large cation exchange capacities. The
oxyhydroxides of iron and manganese formed during
weathering are also effective in sequestering cations.
This ability is enhanced when the oxyhydroxides are
linked to humic or fulvic acids, which raises the charge
on the oxyhydroxide surfaces. This effect is even more
pronounced with the formation of humic colloids.

In contrast to the trace elements that are associated
with minerals that break down in the weathering zone,
those associated with resistate minerals that do not
weather to any significant extent are retained in that
mineral form in the soil and subsequent erosion prod-
ucts. Examples of resistate minerals are chromium in
the mineral chromite; tin in cassiterite; niobium and
tantalum in columbite-tantalite; zirconium and hafnium
in zircons; and cerium, lanthanum, yttrium, and
thorium in monazite.

IV. DIVERSITY IN THE
CHEMISTRY OF ROCKS

The combination of the chemistry of minerals and their
abundances in different rock types, which are defined
upon a mineralogical and textural basis, leads to a varied
rock geochemistry. Table III provides examples of esti-
mated average values for the trace elements in the
Earth’s crust and different rock types. These estimated
averages give no indication of the actual range observed
in these individual rock types; such an estimate has
never been made on a global basis, but it is likely at least
one or two orders of magnitude. The variability behind
the Continental Crust estimates can be implied from

.
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FIGURE 10 Distribution of molybdenum (mgkg™) by age
in black shales, Manitoba, Canada. From youngest to oldest:
T = Tertiary, K = Cretaceous, ] = Jurassic, Tr = Triassic, M =
Mississippian, D = Devonian, and O = Ordovician.

the variability for the estimates of individual rock types.
These range from less than an order of magnitude for
mercury to almost three orders of magnitude for nickel.

As an example of the variability associated with a
single rock type, the example of black shales from
Manitoba, Canada, is presented. These data come from
54 surface outcrop sites and drill holes in an area
approximately 300km wide (ENE-WSW) and 500km
long (NNW-SSE) along the eastern margin of the
Western Sedimentary Basin. This area represents shales
varying in age from Ordovician to Tertiary, spanning
some 360 million years (Ma). Figure 10 displays the
molybdenum data for the 476 samples subdivided by
geologic period, oldest to the right and youngest to the
left. The oldest (Ordovician, O) and youngest (Tertiary,
T) black shales have lower molybdenum contents than
the generally similar median valued Devonian (D) to
Cretaceous (K) shales. However, what is outstanding is
the variability of the Cretaceous (K) black shales, which
extend over three orders of magnitude.

The Cretaceous shales span approximately 85 Ma of
deposition in a sea that went through various trans-
gressive (deepening) and regressive (shallowing) stages.
The 333 black shales have been subdivided by strati-
graphic formation (except for undivided Cretaceous
rocks, K) in Figures 11-13. Figure 11 displays the by-
age distribution of manganese (mgkg™"), which forms a
bowl shape with lowest manganese levels in the Favel
(uKf) and Morden (uKm) Formations when the
Western Interior Seaway was at it deepest. Manganese
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FIGURE 11 Distribution of manganese (mgkg™) in
Cretaceous Age black shales, Manitoba, Canada, subdivided by
Formation. Formations from youngest to oldest, where u as a
prefix indicates upper Cretaceous and | indicates lower Creta-
ceous: uKp = Pierre, uKn = Niobrara, uKm = Morden, uKf =
Favel, uKa = Ashville, IKsw = Swan River, K = undifferentiated,
mostly lowermost Cretaceous, black shale.

levels increase in older Ashville (uKa) and Swan River
(IKsw) and younger Niobrara (uKn) and Pierre (uKp)
shales, which were deposited in shallower water. These
variations reflect the fact that in the deep anoxic
carbonate-poor waters of the Western Interior Seaway
manganese was preferentially retained in the seawater.
Figure 12 illustrates the distribution of molybdenum
(mg kg™) in shales. Levels are highest in the deep water
shales of the Favel Formation (uKf) where anoxic
sulfide- and organic-rich sediments favored the seques-
tration of molybdenum, and the median molybdenum
level is almost two orders of magnitude higher than
for the youngest Pierre shales (uKp). Some of the
Cretaceous shales, particularly the Favel (uKf), Morden
(uKm), and Niobrara (uKn), are enriched in cadmium
(Figure 13). At the surface, these shales were eroded
from the Manitoba Escarpment and transported west-
ward across the Canadian Prairies about 400km during
the Wisconsin glaciation at the close of the last Ice Age,
and they have contributed to higher levels of cadmium
in the agricultural soils of the region.

In some instances, large segments of the Earth’s
crust may exhibit consistent patterns of trace element
enrichment. These features are known as geochemical
provinces. Rose, Hawkes, and Webb (1979) provide the
definition of these geochemical provinces as “a rela-
tively large segment of the Earth’s crust in which the
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FIGURE 12 Distribution of molybdenum (mgkg™) in
Cretaceous Age black shales, Manitoba, Canada, subdivided by
formation. See Figure || for legend.
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FIGURE 13 Distribution of cadmium (mgkg™') in Creta-
ceous age black shales, Manitoba, Canada, subdivided by forma-
tion. See Figure |1 for legend.

chemical composition is significantly different from the
average.” They go on to state: “One of the criteria of a
bona fide geochemical province is that the characteris-
tic chemical peculiarities should be recognizable in
rocks covering a substantial period of time.” Examples
of geochemical provinces are the Bear uranium
province in the northwestern part of the Canadian
Shield and the central European uranium province that
includes parts of Germany, Poland, and the Czech
Republic; the great tin province that spans from eastern
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Australia, through Indonesia, western Malaysia,
Thailand, and into China where rocks of many ages
are enriched in tin; and the lesser known manganese
province in northeastern North America including
Maine and New Brunswick.

A second type of province, metallogenic, is of partic-
ular economic importance, and may have environmen-
tal and health consequences. Metallogenic provinces are
regions of the Earth’s crust that are characterized by the
presence of mineral deposits and occurrences for par-
ticular metals, and they often are of a particular mineral
deposit type. In any mineral district they are many
more small mineral occurrences than economically
exploitable mineral deposits. A distinction is made here
between mineral occurrences and mineral deposits.
Mineral deposits contain ore, i.e., that which can be
extracted from the ground at a profit, using a sufficiently
broad definition of profit to meet various societal
needs. Metallogenic provinces may also be considered
“mineral” provinces, as it is the presence of the metals
in specific mineral forms at high concentrations that
makes deposits exploitable. Examples are the copper
deposits that occur in the western Americas extending
from the southwestern United States through Central
America to Peru, Bolivia, Chile, and Argentina; the
prolific tin deposits coincident with the tin geochemi-
cal province of southeast Asia in Indonesia, western
Malaysia, Thailand, and China; the Copper Belt
deposits of Zambia and Zaire in central Africa; and the
gold and base-metal deposits of the Abitibi Greenstone
Belt in Quebec and Ontario, Canada.

The mineral forms for base- and precious-metals,
apart from native (metallic) gold and platinum alloys,
are sulfides, arsenides, antimonides, tellurides, and
selenides that are far less stable in the surface weather-
ing environment than the silicates, aluminosilicates,
oxides, etc., which host the metals in common rocks. As
a result, metals in mineral occurrences and deposits
weather more easily and are transferred to soils,
sediments, and waters. From a mineral exploration
viewpoint their dispersion away from point sources
facilitates exploration geochemical surveys. However,
from a biological viewpoint this may be a good or bad
outcome. If the metals are essential for life this may be
beneficial; high metal levels may permit species that
require such high levels, or are resistant to them, to
flourish. If the metal species present is toxic, this will
inhibit some life forms which may lead to an absence of
biota or permit only certain hardy species to be present.
It was well known that in the central African Copper
Belt the high copper in the stream waters derived from
the weathering of copper deposits was sufficient to be

toxic to the snails that were critical in the Bilbarzia
cycle. As a result, schistosomiasis was largely absent in
the region. For those interested in the interaction of
geology, geochemistry, and botany, readers are referred
to Brooks (1972 and 1998).

The relationship between geochemical and metallo-
genic provinces is of some interest. By their nature
geochemical provinces are low-entropy phenomena. In
contrast, metallogenic provinces are high-entropy phe-
nomena with extreme segregation of metals into spa-
tially small discrete high concentration zones. Despite
these contrasting characteristics, many metallogenic
provinces lie within geochemical provinces, and it is
assumed that the increases in regional background
levels of the metals have provided part of the pool of
metals that have been concentrated into the mineral
deposits and occurrences. Reimann and Melezhik
(2001) provided a discussion of the relationships
between metallogenic and geochemical provinces in the
context of a large (188,000km?), low sampling density
(1 site per 300km’) regional geochemical study of
surficial materials in Arctic Europe called the Kola
Ecogeochemistry Project (Reimann et al., 1998). The
authors noted that some significant metallogenic
provinces were not recognized in the project they
undertook, and also cast doubt on the value of the term
“geochemical province.” However, considering the very
different nature of the two province types in terms of
entropy, and the interacdon of sampling density
through search theory to the probability of recognition
of the mineral occurrences of a metallogenic province
with low-density field sampling programs (see Section
V and Garrett, 1983), the death of these provinces as
useful concepts is premature.

It is this underlying variability in rock chemistry, that
is in turn due to the mineralogical and compositional
variability of the rocks composing the Earth’s crust, let
alone the mineral deposits and occurrences that occur
in them, that causes the geochemical variability in
natural background levels in the surficial materials and
weathering products discussed in the first section of this
chapter.

Although tables of averages (Table III) are useful as
general indicators of the element content of rocks, the
variability behind them must never be forgotten. As
noted and demonstrated above, that variability is con-
siderable and can easily span up to three orders of mag-
nitude for trace elements. Readers requiring average
estimates for composition of both the Earth’s crust,
individual rock types, and other materials are referred
to Wedepohl (1995), Reimann and de Caritat (1998),
and Kabata-Pendias (2000).
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V. THE BIOGEOCHEMICAL CYCLE

The discussion in this chapter thus far has concerned
the mineral kingdom. However, mineral-related
processes only form one part of what is known as the
biogeochemical cycle—the sum of the biotic and abiotic
processes that move elements from rocks, to soils, sedi-
ments, and waters where they are incorporated into
plants and animals and become parts of food chains. As
these processes proceed elements are returned to soils,
sediments, and waters and, given sufficient geological
time, are incorporated into deposits that will be trans-
formed to newly formed rocks. However, of more
immediate interest is the small scale cycling that occurs
at local levels.

Plants play a key role in the biogeochemical cycle;
they are critical to soil formation in all but desertic
regions. The acids that their roots produce to liberate
nutrients from the minerals in the soil contribute to the
breakdown of those minerals. Another source of organic
acids that contributes to mineral decomposition is the
decay of litter-fall as plant material decomposes in the
surface layers of soil. As these acids percolate downward
they solubilize and carry many elements with them to
lower levels in the soil. This process is vividly demon-
strated in the podzolic soils (Spodosols) of humid
temperate zones. Organic matter accumulates in the
topmost layers of the soils (the L, F, H, and A, hori-
zons), giving them their characteristic dark brown-black
color. Immediately below this there is a “sandy,” color-
less, leached (eluviated, A, horizon) zone composed of
mineral grains that have resisted corrosion and decom-
position. Below the eluviated zone the soils are enriched
in iron-oxyhydroxides, clay-sized materials, and to a
lesser extent organic substances. Known as the B
horizon, it is well developed in podzols and exhibits a
rich red-brown coloration. Together, the humic-rich
(Ay) top layer of the soil and the B horizon are sites of
trace element, especially metal, accumulation due to the
abundance of organic matter, smectites, clay minerals,
and iron- and manganese-oxyhydroxides. The reten-
tion of trace elements in these horizons introduces a
barrier in the biogeochemical cycle that halts circula-
tion through the cycle for varying periods of time.
Goldschmidt (1937) introduced the term “geochemical
barrier” specifically for the retention of trace elements
in humic-rich surface soil as it was a barrier to “flow”
in the biogeochemical cycle.

As a result of the biogeochemical cycle, trace ele-
ments are dispersed into different materials, three

examples are provided below, i.e., one for stream waters
(Wales), one for organic stream plant material
(Sweden), and one for terrestrial plant material and a
foodstuff called hard red spring wheat (Canada). A
fourth example of mineral rich stream sediment is
provided in Section V.

In recent years the British Geological Survey has
applied new ultrasensitive water analysis procedures in
the preparation of hydrogeochemical maps. Figure 14,
drawn from Simpson et al. (1996), is an example of the
distribution of fluoride in stream waters from Wales
and adjacent parts of England as revealed by a suite of
17,416 analyses. There is a clear boundary between high
F~ waters draining dominantly Permo-Triassic rocks in
the eastand low F~ waters draining older Paleozoic rocks
to the west. These two rock types were laid down in very
different environments: the older rocks in a variety of
marine environments, and the Permo-Triassic rocks in a
terrestrial environment that was desertic to the east
along the western margins of the Zechstein Sea and later
along the northwestern margin of the Tethyan Ocean.
What is important here is that the different environ-
ments that either favored the retention of F~ in terrestrial
environments or its retention in seawater have survived
in excess of 200 Ma to influence ground and surface water
chemistry today and have epidemiological consequences
(Simpson et al., 1996).

The Swedish Geological Survey is unique among
geological surveys in employing organic stream mate-
rial for its national-scale geochemical survey program
(Fredén, 1994). The reason for this choice of sample
material, as distinct from the mineral-rich stream sedi-
ments commonly collected in other countries (see for
example Figure 17), is that it provides data that better
estimate the bioavailable amounts of trace elements
present in the environment. Aquatic plants such as
aquatic mosses and sedge (Carex L.) roots are in equi-
librium with the stream sediments and waters in which
they grow, and their composition reflects the available
amount of trace elements. Although stream water com-
positions may vary seasonally, the composition of the
mosses and sedge roots varies more slowly, smoothing
out temporal variations in the water chemistry. This
makes the survey data particularly effective for moni-
toring anthropogenic impacts that result in the disper-
sion of trace elements into the surficial environment,
and detecting natural geological sources that may have
an impact on the ecosystem. Figure 15 presents the
stream plant chemistry for chromium in part of south-
ern Sweden. The elevated levels in the western part of
the map around Vinersborg and Trollhittan are associ-
ated with pollution from a smelter. Yet in the central



NATURAL DISTRIBUTION AND ABUNDANCE OF ELEMENTS 33

200E

400N

F Fluoride
| in Stream Water

pg L' Percentile

300N

200N

Coordinates:
United Kingdom
National Grid

FIGURE 14 Fluoride (ug/L™") in stream waters (N = 17,416) from Wales and adjacent parts of England. (Reproduced with the
permission of the British Geological Survey and Pergamon Press.)
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FIGURE 15 Distribution of chromium (mgkg™ in ash material) in organic stream sediments in southern Sweden. (Reproduced
with the permission of the Geological Survey of Sweden.)
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part of the area near Nissjo equally high levels are
observed which relate to the presence of dolerites, a
mafic rock that is naturally enriched in chromium rela-
tive to most other rocks (see Table III). To the east-
southeast elevated chromium levels occur due to the
presence of small gabbro and ultramafic rock bodies.
Another notable pattern occurs in a triangular area east
of a line joining Norrkoping, Linkoping, and Vistervik
where elevated chromium levels characterize an area
underlain by old basement granitoid, likely reflecting
even older rocks that were incorporated into the gran-
itoids by the processes of granitization. These
chromium elevated areas lie within an extensive area
of low chromium rocks dominantly composed of
orthogneisses and granites. Thus it can be seen that the
organic stream sediment geochemistry reflects both
recent anthropogenic processes and a variety of regional
geological features. In this context the high chromium
patterns east of Linkoping and Norrkoping are of par-
ticular interest. These rocks are granitic, like so much
of the area characterized by low chromium levels;
however, a relict geochemistry reflecting earlier rocks is
retained and indicates that these rocks are “different.”
This demonstrates one of the strengths of regional geo-
chemistry. Although rocks may look the same, i.e.,
granitic, they may be geochemically different in their
trace element composition, which demonstrates their
different geological histories.

120 uw

250
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As a last example, the regional distribution of sele-
nium in Canadian Prairie hard red spring wheat
(Triticum aestivem L.) is displayed in Figure 16. These
data plotted are averages of the selenium content of har-
vested grain from 1996 to 1998 (Gawalko et al., 2001).
This is an unusual geochemical map, but it represents
an important end pause, rather than an end point, in the
biogeochemical cycle. In terms of the full biogeochemi-
cal cycle involving human populations the next step is
milling and incorporation into foodstuffs. Unlike the
data for copper, zing, iron, and manganese, the data for
selenium and cadmium show much greater variability
(Gawalko et al., 2001). The reason for this variability is
that the wheat plants interact with their soil environ-
ment to ensure uptake of the essential micronutrients
copper, zinc, iron, and manganese. They do not appear
to regulate cadmium and selenium that are taken up
with the regulated micronutrients to be sequestered in
various plant tissues. The spatial distribution of these
data is strongly influenced by soil properties, and to a
lesser extent the varying selenium content of the soil
parent material. The area of highest regional selenium
levels is in southwestern Saskatchewan and adjoin-
ing Alberta where the soils are dominantly Brown
Chernozems (Mollisols, Aridic Borolls), with some
Solonetzic (Natric) soils. These are relatively organic
carbon poor in comparison with the Dark Brown, Black,
and Dark Gray Chernozems (Typic, Udic, and Boralfic

60N

Se (mg kg') in HRSW
1996-98 Harvest Years

W 1.05t0 144 (11)
M 05610 1.05 (63)
1 0.32100.56 (71)
Mo0.19t00.32 (71)
W 0.05100.19 (76)

Kilometres

FIGURE 16 Distribution of selenium (mgkg™) in hard red spring wheat for the 19961998 harvests in the Canadian Prairies.
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Borolls) and Gray Luvisols (Boralfs) that underlie most
of the remainder of the Canadian Prairie agricultural
region. Organic compounds in soils form seleno-
complexes with labile selenium, thus restricting its
availability to the plants. The likely cause of the spatial
pattern of high selenium is low organic carbon content.
The absence of seleno-complexes favors selenium par-
titioning into soil pore waters where it is available to the
plants. A similar situation has been reported from
China (Fordyce et al., 2000; Johnson et al., 2000; Wang
and Gao, 2001), where higher soil organic-carbon con-
tents are associated with lower selenium levels in rice
and the increased incidence of Keshan disease. Inter-
estingly, a link was made by MacPherson et al. (1997)
between the selenium content of Canadian wheat and
the selenium status of the Scottish population. The
authors related this lowering of selenium status over
time to the shift to importing lower selenium European
wheat in preference to higher selenium Canadian bread
wheat.

The examples above represent the many regional
geochemical and biogeochemical studies that have been
undertaken in the 20th century. In some cases these data
are presented spatially, and in others temporally. They
clearly demonstrate the spatial and temporal chemical
variability of the natural environment. Life is supported
on the Earth’s chemically inhomogeneous surface, and
there are ecosystem consequences to that reality. To
fully understand those consequences and manage any
associated risks, a sound knowledge of baseline geo-
chemistry is required.

V1. ESTABLISHING
GEOCHEMICAL BASELINES

Applied geochemical surveys are undertaken for one of
two basic reasons: (1) to detect geochemical anomalies
both natural, e.g., related to mineral occurrences, and
anthropogenic, e.g., related to industrial releases; and
(2) to map and establish natural background levels or
baselines. In the first instance, surveys are designed as
search exercises so that a feature of known size and geo-
chemical contrast from the local natural background
concentrations can be detected. The sampling is under-
taken over an area of fixed extent, perhaps a map sheet,
a particular geological terrain, or a particular jurisdic-
tion or economic zone. Where surveys are undertaken
to establish natural background and baselines they are

designed to sample the area of interest, a particular
jurisdiction or terrain (e.g., an eco-district), in an
unbiased manner so that an average may be estimated
together with a measure of the data variability. Depend-
ing on the size of the area, determining if there is sys-
tematic spatial variability across the survey area may be
required. The sampling considerations for these two
types of survey have been discussed by Garrett (1983).

To be able to reliably estimate the geochemical level
and relief (e.g., mean and variance) for a study area a
sufficient number of samples must be collected and ana-
lyzed. If the study area can be treated as a homogeneous
entity, a useful rule of thumb based on the formula for
the standard error of the mean (SE = s.n™®°) is that a
minimum of 30 sites should be sampled, 60 would be
better, and it is probably a waste of resources to sample
more than 120. In order to obtain unbiased estimates
the samples sites should be distributed randomly across
the study area. A common strategy used by geoscien-
tists is to use a square grid with a cell size such that
the required number of cells, e.g., a minimum of 30,
are present in the study area, and then use a random
number generator to locate an x—y position (site) in each
cell to be sampled. An alternate strategy is to use prior
knowledge of rock or soil type distribution and collect
material from sufficient sites from these postulated
homogeneous units in an unbiased manner to reliably
estimate their geochemical level and relief (e.g., mean
and standard deviation). For national-scale surveys
many more sites are sampled as the desire is to reveal
broad-scale regional geochemical variability.

Clearly, factors such as resource availability influence
decisions concerning sample design. Concern is some-
times expressed that widely spaced sampling will not
yield reliable estimates. Examples from many parts of
the world have demonstrated the ability of low-density
sampling to map natural backgrounds on a regional
scale, e.g., Darnley et al. (1995), Xie and Cheng (2001),
and Reimann et al. (2003). It has to be remembered that
if the sampling is unbiased (random) all parts of the
study area have an equal opportunity to be sampled, and
there is a finite probability that small features that do
not form a “significant” proportion of the study area
will be missed. If these are important, resources are
required to increase the sample density. The cruel
reality for surveys is triangular, the apices are survey
area, detail of information generated, and resources—
time, staff, and funds. One can fix any two of these
apices, but one cannot fix all three. To minimize survey
costs and maximize the return in information, Xie
and Cheng (2001) recommended the widely spaced
sampling of major river floodplain sediments. They
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demonstrated that sampling densities between 1 site per
1000-6000 km?, i.e., about 520 samples representing all
of mainland China, can provide reliable estimates of
regional background levels. The field work for this
survey was completed in one year (1992-1993) by a
sampling team of three people. On this basis, they rec-
ommend that surveys of this type be completed before
more detailed, time-consuming, and expensive surveys
are undertaken.

In any baseline survey consistent protocols are essen-
tial for both field and laboratory work. The “target
population” needs to be specifically defined, e.g.,
river/stream water collected midstream 10cm below
surface or surface soils collected from 0-25cm (0-10
inches) at sites at least 100m from a road that are
visibly uncontaminated. Adequate field notes and loca-
tion (this is now easy with global positioning systems,
GPS) information need to be recorded. The procedures
for on-site treatment such as filtering and acidification
of waters, and storage, shipping, and preparation of
samples like drying and screening of soil (2mm or in
the range 0.1-0.18mm), drainage sediment (in the
range 0.1-0.18 mm), and the retention of the fine frac-
tion for analysis need to be clearly laid out. The differ-
ence in retained fraction for soils is historical, and care
needs to be taken in selecting an appropriate size frac-
tion. Traditionally soil (as prescribed by the United
Nations Food and Agriculture Organization, UN-FAO)
and environmental scientists have employed the <2 mm
fraction for analysis, while applied geochemists have
tended to employ a finer fraction of <0.150 or
<0.177mm, as used for drainage sediment surveys in
mineral exploration, or <0.063 mm (<63 um) as used for
glacial sediments and the soils developed on them.
Compatibility with prior data sets is a major consider-
ation, as are considerations of plant-soil relationships.
Appropriate analytical protocols and QA/QC proce-
dures need to be in place. Procedures and considera-
tions for baseline surveys are discussed in Darnley et al.
(1995), Salminen and Gregorauskiené (2000), and by
the Forum of European Geological Survey (FOREGS)
in Salminen et al. (1998).

An important issue to consider in planning baseline
surveys is temporal variability. For soils this is not a
major consideration; however, for surface and ground-
water variations in flow rates resulting from climatic
variations such as seasonal rains (e.g., monsoons) or
snow-melt events affect the elemental levels observed in
the waters. Therefore, care has to be taken to sample a
region under similar conditions, and only to subse-
quently use the data for comparison with data sets col-
lected under similar conditions. In the case of stream

and river sediments, strong seasonal differences in water
flow can modify the bed load composition, and there-
fore its chemistry (Chork, 1977; Rose et al., 1979;
Steenfelt & Kunzendorf, 1979). In general, if an effect
is present, seasonal rains or spring freshets mass waste
bank material into streams and rivers, and fine sedi-
ments are then winnowed from the streambed in higher
energy (faster flow) environments and deposited in
lower energy (slower flow) environments over the
period of the subsequent dry season or lower flow
period. The result is that levels of trace elements that
occur in the finer fraction decrease in higher energy
stream environments and increase in lower energy envi-
ronments. The converse is true for trace elements that
occur in coarser or heavier fractions of the sediment.
Thus, if seasonal variation is expected, sampling pro-
grams should be restricted to longer periods of steady
stream flow. If severe weather events occur, e.g.,
cyclones or hurricanes, the complete bed load may be
changed which results in major changes in sediment
geochemistry (Ridgway & Dunkley, 1988; Ridgway &
Midobatu, 1991; Garrett & Amor, 1994). Thus, if a spe-
cific long-term study is undertaken where a knowledge
of baseline levels is important, catastrophic weather
events will likely require a post-event survey to deter-
mine if baseline levels have changed significantly.

Once the analytical data are in hand the accuracy and
precision of the data need to be estimated, consistently
with international standards (Darnley et al., 1995), to
determine if they are adequate. If the field sampling has
been structured so that analysis of variance (Garrett,
1983) or geostatistical procedures (e.g., Issaks &
Srivastava, 1989) can be applied, the presence of
significant spatial trends across the study area can be
investigated.

As discussed earlier, geochemical data are often
drawn from multiple populations. Therefore it is
prudent to summarize the data as percentiles (e.g.,
minimum, 2nd, 5th, 10th, 25th (first quartile), 50th
(median), 75th (3rd quartile), 90th, 95th, 98th per-
centiles, and maximum), as well as arithmetic means and
standard deviations, robust estimates such as the median
and mean absolute deviation, and possibly some esti-
mates in logarithmic units. Other properties of the data
set to be reported are number of samples analyzed, the
lower quantification limit, and how many samples were
below the limit. The reporting of the data as percentiles
is a nonparametric procedure that avoids any assump-
tion concerning the distribution of the data, and their
inspection quickly reveals whether the distribution is
skewed. In addition, their availability can assist in
setting realistic, in the sense of the natural distri-
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bution of an element, regulatory levels as described in
Section II.

Often for jurisdictional or regulatory reasons the
geographical entities over which baseline surveys are
undertaken have no direct, or only an indirect, relation
to geology and pedology. The Commission for Envi-
ronmental Cooperation of the North American Free
Trade Agreement (NAFTA-CEC) has prepared a geo-
graphic eco-classification for North America (see http://
www.cec.org/pubs_info_resources/publications/
enviro_conserv/ecomap.cfm and Marshall et al., 1996),
which is likely to see increasing use as a way to sub-
divide natural background data into entities of eco-
logical and environmental relevance. The eco-district

boundaries are strongly influenced by soil (soil series)
properties that reflect the underlying geological and
biological processes, which in turn reflect climate. An
example of presentation of natural background data
using this framework is presented in Figure 17 for
reverse aqua-regia soluble zinc determined in the
<0.177mm fraction of stream sediments from the
Yukon Territory, Canada. The eco-district medians vary
by a factor of 6, again demonstrating the spatial vari-
ability in natural background levels. There are sound
geological reasons for the spatial patterns: the highest
levels relate to zinc-rich black shales in the Selwyn basin
in the northeast; low levels relate to the Yukon crys-
talline terrain in Central Yukon with generally higher

Zn (mg kg'') in Stream Sediments

Median Levels for Ecodistricts

W 147t 280 (7)
B 116 to 147 (11)
[ 82to 116 (16)
"] 64to 82 (19)
B 46to0 64 (16)
[ |all others (14)

0 200

Kilometers
FIGURE 17 Distribution of zinc (mgkg™') in the <0.177 um fraction of 26,862 stream sediments displayed as eco-district median

values, Yukon Territory, Canada.
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levels to the southwest and northeast; and numerous
smaller details may be explained by the presence of par-
ticular rock units.

VII. TOTAL ANALYSES
AND BIOAVAILABILITY

Geoscientists traditionally determine the total amount
of elements in the samples they collect, except for spe-
cific geochemical exploration procedures where a wide
range of protocols are employed. The total amount of
metal in a rock, soil, or sediment is a poor estimator of
what may become phyto- or bioavailable and be able to
cross cellular barriers.

A wide variety of protocols have been developed by
agronomists and ecotoxicologists to better estimate the
phyto- and bioavailable amounts of an element in soils,
waters, plants, etc. An additional issue is: Bioavailable
to what? (Allen, 2002). This has led to a great variety of
protocols, some of which are locally adequate for spe-
cific studies (see, for example, Sauvé, 2002). However,
none is universal, though the estimation of free-ion
concentrations in free or pore waters (the Free Ion
Activity Model, FIAM) approaches that requirement
(see Campbell, 1995). Another important factor influ-
encing the availability of metals in solutions to biota is
the presence of dissolved organic carbon compounds,
many of which are capable of sequestering trace ele-
ments so that they remain unavailable. This situation
has been addressed by Tipping (1994) in the WHAM
model which includes recognition of humic acid com-
plexes. Finally, it must be remembered that the interac-
tion between the biotic and abiotic realms is not passive.
Biota are capable of mediating the passage of ions across
cellular barriers. In the case of plants, they are capable
of acidifying or releasing low molecular weight organic
acids, e.g., phytosiderophores (deoxymugineic acid), to
the immediate root environment (rhizosphere) to liber-
ate or chelate micronutrients and other trace elements
into the proximal pore waters (moisture) so they are
available to the plant.

As a result, much geoscience-driven baseline work is
still undertaken using total or near-total aqua-regia
or hot nitric acid digestions, and for many sample
materials these procedures overestimate the amount of
metal that may be available to biota. A notable excep-
tion is the recent 1:2,500,000 scale soils found in the
geochemical atlas of Poland (Lis & Pasieczna, 1995),

which employed a 1:4 HCl mixture. Although there are
sound grounds for this choice, these data are no longer
comparable to other international data sets. In an ideal
world the best procedure would be to have a total/near-
total determination and an appropriate weaker extrac-
tion that better estimated the phyto- or bioavailable
amount in the sample material. A further point that
has to be remembered is that all biota are not created
equal, and an extraction that may be good for agri-
cultural crops might be quite inappropriate for soil
invertebrates.

The prime controls on phyto- and bioavailability are
the mineralogical or material form of an element in
question and its mobility in the aqueous environment,
e.g., soil or sediment pore waters, fresh stream or lake
water, or marine sediments and water. Table IV provides
an indication of the mobility of many trace elements of
interest as a function of pH and redox conditions (see
also Plant et al., 2001, Figure 6).

With reference to solid phases, elements tend to be
bioavailable when they are loosely held on mineral
surfaces or present as metallo-organic complexes. Thus
weak extractants—acetic acid, sodium acetate, calcium
chloride, potassium or ammonium nitrate—and chelat-
ing agents EDTA, DTPA, and sodium pyrophosphate
are commonly used in analytical protocols to estimate
phytoavailable amounts of elements in soils. Sauvé
(2002) has provided a thorough and extensive review of
these methods in the context of determining metal spe-
ciation (chemical bonding) in soils. In contrast to the
soil protocols, dilute hydrochloric acid with various
additions has been used to simulate gastric fluids in esti-
mating the amount of trace elements that could be sol-
ubilized from soils in the digestive tract of an animal.

VIIl. FUTURE CHALLENGES

The great challenge of the future is to provide consis-
tent, relevant, high-quality geochemical data to support
epidemiological research, environmental regulation,
and other studies such as agricultural and forestry
resource management that concern the transfer of trace
elements through potable water and the food chain
into human and animal populations.

Attention has been drawn to this by publication of the
report on International Geological Correlation Projects
259 and 360 (Darnley et al., 1995) and by Plant et al.
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TABLE IV. Mobility of Elements in the Surface Environment

Oxidizing (pH 5-8)

Oxidizing (pH < 4)

Reducing

Relative mobility
Highly mobile

Moderately mobile
Slightly mobile

Immobile

Cl, Br, I, S, Rn, He, C, N, Mo,
B, Se, Te

Ca, Na, Mg, Li, F Zn, Ag, U, V,
As, Sb, Sr; Hg

K, Rb, Ba, Mn, Si, Ge, P, Pb, Cu,
Ni, Co, Cd, In, Ra, Be, W

Fe, Al, Ga, Sc, Ti, Zr, Hf, Th, Sn,
REEs, Pt metals, Au, Cr, Nb,
Ta, Bi, Cs

Cl, Br, I,S, Rn, He, C, N, B

Ca, Na, Mg, Sr, Li, F Zn, Cd, Hg,
Cu, Ag, Co, Ni, U,V, As, Mn, P
K, Rb, Ba, Si, Ge, Ra

Fe, Al, Ga, Sc, Ti, Zr, Hf, Th, Sn,
REEs, Pt metals, Au, As, Mo,
Se

Cl, Br, I, Rn, He

Ca, Na, Mg, Lj, Sr, Ba, Ra, F Mn
K, Rb, Si, P, Fe

Fe, Al, Ga, Ti, Zr, Hf, Th, Sn, REEs,

Au, Cu, Pt metals, Ag, Pb, Zn, Cd,
Hg, Ni, Co, As, Sb, Bi, U,V, Se, Te,

Mo, In, Cr, Nb, Ta

After Rose, Hawkes, and Webb, 1979.

(2001). Funding of such regional- and continental-scale
mapping activities poses a major challenge. To date sig-
nificant progress has only been made in China, where
there is a national commitment to monitor the surficial
environment in sufficient detail to yield useful maps
(Xie & Cheng, 2001). Progress has also been made in
Europe through the collaborative efforts of nations
working through the Forum of European Geological
Surveys. The challenge for the future is to create the
interdisciplinary teams that can generate the critical
mass to organize and execute systematic baseline
surveys at continental scales with the support of agen-
cies with the resources and vision to appreciate the value
of a global geochemical background database.

The advent of rapid global change will stress the
world’s resource base, and make sustainable develop-
ment an even more important issue than it is now.
The role of human activity as a causative factor may be
argued by some, but it remains that global economic
development has radically increased the rate of change
in the environment (Fyfe, 1998). As Plant et al. (2001)
noted: “The problem is most acute in tropical, equato-
rial, and desert regions where the surface environment
is particularly fragile because of its long history of
intense chemical weathering over geological time
scales.” Change needs to be monitored, but how can it
be monitored if the baseline is not known? Concerted
international action is required to acquire the data
essential for managing the risks that the natural envi-
ronment poses to the world’s population.

SEE ALSO THE FOLLOWING CHAPTER

Chapter 3 (Anthropogenic Sources)
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I. INTRODUCTION

As outlined in Chapter 2, the geochemistry of environ-
mental media is largely dependent on the chemistry of
the natural sources from which they have been derived,
or with which they have interacted. Thus soil and sur-
ficial sediment chemistry are strongly influenced by the
composition of their parent materials. Similarly stream
and river waters, derived initially from precipitation,
depend on the rocks, sediments, and soils from which
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they come into contact and interact with for their
chemical composition. However, with the evolution
of humans in the relatively recent geological past there
have been anthropogenic impacts on the environment,
which have increased dramatically with increasing pop-
ulation, urbanization, and industrialization (Fyfe, 1998).
Thus humans have contaminated or polluted the once
pristine environment, and this impact is manifested in
the chemistry of environmental materials that reflect
anthropogenic signals superimposed on the natural
composition.

Many human activities have resulted in environmen-
tal contamination and these include:

1. Mineral extraction and processing

2. Smelting and refining of mineral ores and
concentrates

3. Power generation—fossil fuel, nuclear, geothermal,
and hydroelectric

4. Other industrial and manufacturing activities—
metallurgical and chemical industries, brick and
pipe manufacture, cement manufacture, the
ceramics and glass industry, plastics and paint
manufacture, and fertilizer manufacture

5. Waste disposal—household refuse, fly ash, sewage,
nuclear, and the open burning of refuse

6. Agricultural practices—application of mineral-
based fertilizers and manure together with sewage
sludge, application of pesticides and herbicides,

Copyright © 2005, Elsevier Inc.
All rights reserved.
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farmyard runoff including such materials as sheep
dip, etc., and deforestation, which has contributed
to problems of mercury contamination of
Brazilian rivers

7. Transportation,—motor vehicle derived
contamination; this is particularly important in
urban environments

8. Treatment and transport (through metal pipes and
fittings) of potable water

Nowhere is the impact of environmental pollution
more apparent than in the urban environment. Road
dust and soils in the urban environment can be heavily
contaminated, particularly by metals. Road dust and
fine soil particles are the major sources of house dust
and as such represent a potential pathway into the
human body from inhalation and inadvertent ingestion
from hands, etc., particularly for children.

There are many examples of anthropogenically
derived substances having marked effects on human
health; for example, in 1956 the mercury poisoning
experienced in the Minimata region of Japan, known as
“Minimata disease.” This resulted from a factory situated
on the coast releasing mercury, which was used as a cata-
lyst in plastics manufacture, into Minimata Bay. From
there it was passed through the marine food chain in a
methylated form [CH;Hg" or (CH;),Hg], and into
humans via consumption of fish. Mercury attacks the
central nervous system and causes irreversible brain
damage. The methyl form of mercury represents a par-
ticularly serious toxic threat, as it is able to cross mem-
branes and accumulate in the central nervous system. It
has been estimated that over 20,000 people were affected.

Although the main thrust of this book concerns the
impact of the natural environment on human health,
this chapter deals briefly with anthropogenic impacts on
the composition of environmental media together with
some brief considerations of health impacts. This is
included for the sake of completeness and as such it is
not a detailed account of the topic; indeed, such a
detailed account would require a second book.

II. IMPACT OF MINERAL
EXTRACTION AND REFINING

A. Mining and Mineral Extraction

Mineral deposits represent concentrations of an element
or elements to a level at which they can be profitably
extractable. As such these deposits represent concentra-

tions of several elements well above crustal abundance.
Such naturally occurring high concentrations are
reflected in the chemistry of the soils, waters, sediments,
plants, etc., in the immediate vicinity of the deposit.
Indeed, measurement of the concentrations of various
metals and non-metals in media such as soils, sediments,
and waters have been used to locate mineral deposits.
"This practice is described as geochemical exploration.

Although there are likely to be significant natural
enrichments of several elements in the vicinity of
mineral deposits, mining and extraction of the deposit
will add greatly to these enrichments. The mining and
subsequent beneficiation of minerals and the separation
and refining of their various components is one of the
most serious sources of contamination of soils, waters,
and the biosphere.

Humans have extracted minerals, particularly the met-
alliferous ores, since ancient times, and the extraction
and refining of metals have played a major role in human
development. The mining and processing of minerals
have increased through time, due to population growth
and the greater utilization of raw materials for manufac-
ture. Many areas of past mining activity, in both the Old
and New Worlds, bear witness to these extractions in the
form of abandoned workings and extensive waste tips.
Modern mineral extraction technology is generally far
more efficient than past practices, and in many countries
such processes are heavily regulated to limit the degree
of contamination from extractive industries. However,
historical mineral extraction involved less efficient tech-
nologies, and in those times virtually no environmental
regulations were in place. Long-abandoned mineral
workings are currently the cause of serious environmen-
tal pollution in many countries.

A large number of different materials are extracted
from the Earth ranging from fuels such as oil and coal,
industrial minerals such as clays and silica, aggregates
for building and roadstone, and minerals for fertilizers
as well as sources of non-metals. However, the major
cause of concern are the metalliferous ores that are
used as sources of metals and metalloids. Some of the
more important metalliferous ore minerals are listed in
Table 1.

The extraction and subsequent processing of ores can
be summarized as follows:

mining — crushing/grinding
— concentration of ore mineral

— smelting/refining

Ores are extracted from the Earth by either sub-
surface mining, open pit surface techniques, or in a few
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TABLE I.

Metalliferous Minerals

Some of the Important, Mostly

Mineral Composition Comments
Arsenopyrite FeAsS Frequently occurs as
a gangue mineral
Barite BaSO, Major use in drilling
muds
Bauxite Mainly Al(OH); Only ore of
aluminum
Bornite CusFeS, Important ore of
copper
Carrollite Cu(Co,Ni),S4 Important ore of
cobalt
Cassiterite SnO, Main ore of tin
Chalcocite Cu,S Important ore of
copper
Chalcopyrite CuFeS, Major ore of copper
Chromite FeCr,O, Main ore of
chromium
Cinnabar HgS Main ore of
mercury
Galena PbS Main ore of lead
Gold (native) Au Main source of
metallic gold
Haematite Fe,O; Major ore of iron
lImenite FeTiO, Important ore of
titanium
Magnetite Fe;O, Important ore of
iron
Molybdenite MoS, Main ore of
molybdenum
Pentlandite (Fe,Ni)sSg Major ore of nickel
Platinum Pt (with other metals) Main source of
platinum
Pyrite FeS, Common gangue
mineral
Pyrrhotite Fe(-9S: Common gangue
mineral
Rutile TiO, Important ore of
titanium
Scheelite CaWO, Important ore of
tungsten
Sphalerite ZnS Major ore of zinc
Stibnite Sb,S Main ore of
antimony
Tetrahedrite (Cu,Fe)2SbsS 3 Copper ore—often
contains silver
Uraninite uo, Main ore of uranium
(Pitchblende)
Wolframite (Fe,Mn)WO, Important ore of
tungsten
Zircon ZrSiO, Main ore of
zirconium

cases by solution mining, which carries with it risks of
groundwater pollution. Both subsurface and surface
extraction result in waste material, which is generally
piled on the surface in the vicinity of the mine.
However, while such waste piles, which frequently
contain ore minerals, are sources of environmental con-
tamination, it is the subsequent processing of the ores
that results in the greatest environmental problems.
The crushing and grinding (comminution) of mineral
processing has the objective of separating the ore min-
erals from the waste, generally referred to as gangue. To
effect separation, the mined ore is finely crushed to lib-
erate individual ore mineral grains to enable concen-
tration of the sought after ore minerals. The very fine
waste material left after this concentration process is
referred to as tailings, and this material can contain,
along with the gangue minerals, residual amounts of the
ore minerals and can be a serious source of pollution.
The tailings are very fine and are subject to wind abla-
tion and can easily be transported by surface runoff. At
many long-abandoned mine sites tailings have been left
open to the environment resulting in serious contami-
nation of surrounding soils and waters. In more recent
mining operations, tailings are stored wet in tailings
ponds often behind artificial dams. However, leakage of
metal ions into both surface and subsurface waters has,
in some cases, resulted in serious contamination of these
waters, some of which have been sources of potable
water. In addition, after mine closure tailings ponds will
dry out unless arrangements are made to keep them per-
manently wet, which renders the fine material suscepti-
ble to spreading across the neighboring area. In modern
mining operations, upon closure, remedial action such
as isolation of the tailings material by covering serves to
limit subsequent environmental pollution.

A further problem of tailings dams is the possibility
of dam failure releasing large quantities of highly con-
taminated sediments and waters into the local environ-
ment. There have been several such dam failures in the
last decade such as at the Omai gold mine in Guyana
in 1995 and at the Mar copper mine on Marinduque
Island, Philippines. A major failure of the Los Frailes
tailings dam at Aznalc6llar, Spain, in 1998, spilled 6.8
million m? of water and pyrite-rich tailings that covered
approximately 2000-3600ha of agricultural land. In
2000 a gold mine tailings dam at Borsa in northwestern
Romania released large quantities of cyanide and metals
into local rivers, the Vaser and Tizla, which ultimately
drain into the Danube River. This caused the death of
many fish and birds that ate the fish.

In addition to the major metal components of
the various ore minerals, many trace constituents are
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TABLE II. Some Trace Constituents of Selected
Sulfide Minerals (values in mgkg™)

Element Normal range Maximum found

Galena (PbS)

Ag 500-5000 30000
As 200-5000 10000
Bi 200-5000 50000
Cu 10-200 3000
Sb 200-5000 30000
T <10-50 1000

Sphalerite (ZnS)

As 200-500 10000
Cd 1000-5000 44000
Cu 1000-5000 50000
Hg 10-50 10000
Sn 100200 10000
T 10-50 5000

Chalcopyrite (CuFeS,)

Ag 10-1000 2300
Co 10-50 2000
Ni 10-50 2000
Sn 10200 770

Pyrite (FeS,)

As 500-1000 50000
Co 200-5000 >25000
Cu 10-10000 60000
Ni 10-500 25000
Pb 200-500 5000
Sb 100-200 700
T 50-100 100
Zn 1000-5000 45000

From Levinson, 1980.

included and these frequently cause as much environ-
mental concern as the major elements in the ores (see
Table II). Of the trace elements perhaps the most noto-
rious is cadmium. It is ubiquitous in zinc ores with con-
centrations of up to 4.4% having been recorded in some
ores. Weathering of the ore minerals within the aban-
doned mines and in waste and tailings tips results in the
release of the trace constituents along with the major
components of the ore. Soils and waters in the vicinity
of disused metal mines are frequently heavily contami-
nated. Figure 1 is a geochemical map for cadmium in
stream plants in Sweden. The high cadmium concen-

trations in the central area of the country reflect metal
mining in the area.

The most important ores of several base metals
such as lead, zinc, and copper are sulfide minerals. The
sulfide ore minerals represent the most serious threat of
environmental contamination, because they are fairly
easily oxidized in the presence of air to the considerably
more soluble sulfates such as

ZnS +202 - ZIISO4

As a result surface and groundwaters in the vicinity of
the weathering sulfide minerals can be seriously
impacted.

A particular problem concerning weathering
of sulfide minerals is that of pyrite and marcasite (both
FeS,). These iron sulfides oxidize to give various iron
oxides and hydroxides together with some sulfates;
these oxidation products are collectively called ocher. In
addition to ocher, a by-product of the oxidation process
is sulfuric acid; the resultant runoff from mines and
waste piles is called acid mine drainage or acid rock
drainage. Such acidic solutions can chemically attack
other ore minerals and rocks to produce a cocktail of
elements that can have a serious environmental impact
on receiving rivers and streams. The reactions resulting
in acid drainage can be summarized in the following
equations:

FCSZ + %Oz + Hzo - FCSO4 + HzSO4
2FCSO4 +stO4 + %Oz 4 Fez(SO4)3 +H20
FCSz +Fez(SO4)3 +2H20+302 4 3FCSO4 +2stO4

In acid mine drainage impacted rivers, lakes, and
estuaries the contaminants can cause extreme damage
to the biosphere. This is exacerbated by the precipita-
tion of ocher, which is enriched in metals such as
cadmium, copper, zinc, and aluminum, and metalloids
such as arsenic. The ocher is frequently fine enough to
be ingested by fish. With decreasing acidity which
results from dilution and neutralization of the acid by
interaction with rocks, the concentration of contami-
nant metals in the ocher increases. This results in
sediments in the impacted streams becoming heavily
enriched in potentially harmful elements.

In addition to its occurrence in metalliferous ore
deposits, pyrite is frequently associated with coal, with
drainage from coal mines and associated waste piles
being heavily ocherous, but generally not as strongly
enriched in environmentally harmful elements.

As stated above, historical mineral extraction
processes were much less efficient than current methods
and were not subject to strict environmental regulation.
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FIGURE 1 Geochemical map for cadmium in stream plants in part of Sweden. (Reproduced with permission of the Swedish
Geological Survey.)

The high cadmium concentrations in south central Sweden are due to anthropogenic sources, those on the east coast are due to long
range aerial deposition, those in the central area are derived from metal mining, and those in the central eastern area are derived from
fertilizer. The high cadmium concentrations in the extreme south of the country are natural and are derived from cadmium-rich
sediments.
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In many orefields where mining occurred in river
valleys, the plentiful supply of water was used to
separate ore minerals by gravity. As a result of this
inefficient process, considerable amounts of highly con-
taminated sediment and fine ore grains were released
into rivers. Due to subsequent flooding, they were also
released onto the floodplains of the river valleys con-
cerned. Thus many floodplain soils in old mining areas
are highly enriched with contaminant metals.

One problem concerning gold mining, which
deserves a special mention, is that of associated mercury
pollution. Mercury has long been used to extract gold
from ores and gold-rich sediments due to its ability to
amalgamate with gold. As a result of this process
many areas where gold has been extracted, particularly
from river sediments, have suffered serious mercury
contamination.

B. Smelting and Refining

Following the mining and processing of the ores, the
resultant concentrate is transported to a smelter.
Pyrometallurgical smelting involves roasting of the ore
concentrate at high temperatures with the consequent
emission of large quantities of potentially harmful ele-
ments. The smelter emissions can be in the form of gases,
such as sulfur dioxide, aerosols, and larger particulates.
Modern smelter stacks are fitted with electrostatic pre-
cipitators and other dust recovery mechanisms, which
results in the retention of most of the particulates, but
some gaseous and aerosolic emissions are still released
into the atmosphere. Although any larger particulates
released are likely to be deposited close to the source,
aerosols and gases can be transported long distances and
as a result the smelting of ores has far wider aerial impact
than the mining and processing of these ores.

As many of the ores are sulfides and the smelting
process is designed to be oxidizing, the gases sulfur
dioxide (SO,) and sulfur trioxide (SO;) are produced.
These gases react with water vapor in the atmosphere
to produce sulfuric acid (H,SO,), which results in acid
rain with potentially serious consequences for the
environment.

During the smelting of metalliferous ores many
metals and metalloids are released to the environment.
The elements released depend on the ore or smelted
ores and include antimony, arsenic, bismuth, cad-
mium, chromium, cobalt, copper, lead, mercury, nickel,
thallium, selenium, and zinc. Extremely high concen-
trations of some of these elements have been recorded
in close proximity to the smelters. Rieuwerts and Farago

(1996) showed that soils within 500m of a lead smelter
in the Czech Republic contained up to 3.73% lead and
2.76% zinc. It has also been shown that high con-
centrations of elements can be transported consider-
able distances from the smelter. Reimann et a/. (1998)
demonstrated that nickel from smelters in the Kola
Peninsula of Russia was transported over 100km in the
direction of the prevailing wind. These same authors
state that one of the smelters in the Kola Peninsula
(Monchegorsk) emitted 1619 tonnes of nickel during
1994.

Although present day smelters emit potentially
harmful elements, areas of past smelting operations
continue to be sites of environmental contamination. In
the area of the lower Swansea Valley, South Wales, UK,
a major smelting center for copper from 1717 until
1925, soils contain up to 200mgkg™" copper with the
affected area extending 25 km north and 20km east, the
prevailing wind direction being from the southwest.
The contamination is thought to have resulted from
smelter fumes and wind ablation of smelter waste piles.

Many specialist refining facilities have also been
shown to cause environmental contamination. Perhaps
the best documented is the release of fluorine during alu-
minum production. Aluminum is derived from alumina
(aluminum oxide), which is recovered from bauxite ore
by high temperature electrolysis with the alumina in a
fluorine-rich electrolyte. The fluorine released during
the process has been found to cause toxicity in plants in
the vicinity of the refineries, and high fluorine occurs
in the skeletons of animals in the same areas.

Smelter contaminants have been shown to have a
detrimental effect on human and animal health. Copper
toxicity was found to occur in cattle in the vicinity of a
copper smelter in Mpumalanga (eastern Transvaal),
South Africa (Gummow et al., 1991).

I1l. POWER GENERATION

A. Fossil Fuel

Globally, fossil fuel (coal, oil, peat) combustion provides
most of the power generated for industrial and domes-
tic use. Burning of these fuels has achieved notoriety in
recent years due to the large volumes of carbon dioxide
(CO,) produced, the consequent buildup of this gas in
the atmosphere, and its possible contribution to the
greenhouse effect on the Earth. In addition, combus-
tion of high sulfur-containing fuels in some areas
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has resulted in production of sulfur dioxide and sulfur
trioxide that, as in the case of smelter emissions (see
Section II.B above), results in acid rain.

An additional environmental consequence of the use
of fossil fuels for power generation derives from the
many trace elements contained in the fuels. Although
fossil fuels are predominantly made up of organic
matter—the combustion of the carbon in these fuels
being the source of energy—they also contain variable
amounts of inorganic constituents retained in the ash
left after the combustion process with some emitted in
fine combustion products into the atmosphere. The ash
residue, called fly ash, can contain many potentially
harmful elements and therefore needs to be carefully
disposed of (see Section V). However, some of the inor-
ganic components are emitted during combustion and
can impact the soils, water, and biosphere in the vicin-
ity of the power plant.

Many trace elements have been detected in fossil
fuels. The actual concentrations of individual elements
are variable and depend on the source of the fuel.
However, it has been suggested that in Europe oil and
coal combustion contribute significantly to atmospheric
deposition of arsenic, cadmium, chromium, copper,
nickel, and vanadium (Riihling, 1994). Coal combustion
is thought to have made a significant contribution to
atmospheric lead deposition in the UK, with the coals
containing up to 137 mgkg™" (Farmer ez 4/., 1999). It has
also been suggested that coal combustion is the major
anthropogenic source of selenium in the environment,
and United States coals contain up to 75mgkg™
(Coleman et al., 1993). Enhanced concentrations of
uranium in many coals have resulted in enrichments of
this element around coal-fired power stations. Elevated
concentrations of mercury occur in some oils with
values up to 72mgkg™" recorded (Al-Ada, 1972). Ele-
ments enriched in oils such as vanadium have also been
found to be elevated in the environment in the vicinity
of oil refineries (Rithling, 1994).

The occurrence of fluorine in coal has been shown to
impact the biosphere. Fluorine is highly phytotoxic and
combustion of fluorine-rich coals has caused toxicity in
vines downwind of a power station in New South Wales,
Australia (Leece et al., 1986). Dental fluorosis occur-
ring in cattle in the vicinity of large power stations in
Yorkshire, England, was suggested by Burns and All-
croft (1964) to be due to the use of high-fluorine coals.
Human fluorosis from burning fluorine-rich coals
as a domestic fuel occurs in Guizhou Province, China
(Zheng & Hong, 1988).

Arsenic is enriched in coals from various parts of the
world; however, in Guizhou Province, China, extreme
enrichments have been found with up to 3.5% arsenic

found in some samples (Ding et 4l., 2001). More than
3000 cases of arsenic poisoning have occurred from the
combustion of these coals for domestic heating (Ding
et al., 2001). Abandoned coal gasification sites are
another source of contamination related to fossil fuels.
Such sites have residual waste piles that are sources of
elements such as arsenic, cadmium and copper, and
cyanide and organic compounds such as phenols and
tars which may have leaked into the subsoil.

B. Nuclear

Nuclear power generation has been utilized since
the mid-1950s and accidental leakages and permitted
effluent releases have impacted the environment. The
nuclear industry is now strictly regulated, but in the
early years this was not so and authorized discharges of
radioactivity were considerably larger. Radionuclides
released during these early years still pose a problem.
For example, radioactive elements such as americium
and plutonium released from Sellafield nuclear power
station in Cumbria, northwestern England, are still
retained in nearby marshy areas.

Although much of the contamination released from
nuclear power plants affects only the immediate envi-
ronment of the nuclear installation in question, the cat-
astrophic explosion at Chernobyl in April 1986 caused
widespread contamination, which seriously affected the
Ukraine with radioactivity spreading over much of
Europe and many other parts of the world. Some of
the more important radioactive species released in the
explosion are listed in Table III. Radioactive cesium
from the Chernobyl accident rained out over upland
areas of the UK and high concentrations were found in
sheep in the area.

Anthropogenic radioactivity in the environment
poses a serious threat to human health. Of particular
concern is radioactive iodine, mainly "“'I, which has
been found to move through the food chain rapidly. As
a result of exposure to radioactive iodine, humans are
prone to increased incidences of thyroid cancer, as evi-
denced in the aftermath of Chernobyl (see Soils and
Iodine Deficiency, Chapter 16, this volume).

C. Geothermal

Geothermal energy has often been assumed to be a
“clean” form of power generation. However, many
geothermal areas are associated with volcanic activity
and many of the hot springs actively precipitate arsenic,
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TABLE I11. Some of the More Important
Radioactive Isotopes Released by the
Chernobyl Accident

Isotope Tz

Relatively short half-life isotopes

2Te 78 hours
BXe 5.27 days
2 8.07 days
*Nb 35.2 days
&Sr 52 days
Isotopes with longer half-lives

13Cs 2.05 years
BKr 10.76 years
5 28.1 years
¥7Cs 30.23 years
Actinides (some of the more problematic)

HIpy 13.2 years
4Py 8 x 107 years
Am 458 years

antimony, mercury, and thallium, whereas some geo-
thermal waters contain very high concentrations of
boron. Thus spent waters from geothermal production
in areas such as New Zealand contain very high con-
centrations of arsenic (see Arsenic in Groundwater and
the Environment, this volume), which pose serious
environmental problems for the receiving rivers.

D. Hydroelectric

Hydroelectric power generation has led to problems
resulting from flooding of areas for dams. In flooded
areas where soils have been inundated it has been found
that fish frequently contain elevated concentrations of
mercury. The source of the mercury has been found to
be the waterlogged soil where this element becomes
converted to a methylated form which is bioavailable
(see also Section I of this chapter).

IV. OTHER INDUSTRIAL ACTIVITIES

There are a large number of other industrial activities
that have the potential to cause environmental con-

tamination. In this section only a small selection typi-
fying such processes is discussed.

A. Metallurgical

Many metals and metalloids are used in the manufac-
ture of alloys, with steel being the major product. The
manufacture and recycling of steel results in the release
of many elements into the atmosphere with subsequent
deposition and contamination of the local environment.
Figures obtained for atmospheric pollutants in the
north of the former Soviet Union show that 79% of
the chromium, 76% of the manganese, and 75% of the
zinc together with significant quantities of antimony,
arsenic, cadmium, lead, nickel, and vanadium are
derived from the iron and steel industry (Pacyna, 1995).
More modern electric arc furnaces processing steel
scrap give rise to a large amount of metal-rich flue dusts.

In the proximity of a steel plant in Mpumalanga
(eastern Transvaal), South Africa, chronic vanadium
toxicity occurs in cattle as a result of air pollution from
the steelworks (Gummow et 4/., 1994). Another health
problem related to steel production could possibly stem
from the use of the mineral fluorite (calcium fluoride)
as a flux in the process. An occurrence of fluorosis in
cattle in northern England was suggested by Burns and
Allcroft (1964) to be due to fluorine releases from local
steel plants. In addition the waste, or slag, from steel
plants can contain many metals that can have a detri-
mental effect on the environment, and this needs to be
disposed of appropriately. Some slags have been used in
fertilizers and Frank ez 4/. (1996) reported vanadium
poisoning in cattle after grazing on pasture land that
had been amended with basic slag.

B. Brick and Pipe Manufacture

Bricks and pipes are very important in the construction
industry. Both are produced from naturally occurring
clays and clay-containing rocks. Manufacture of these
materials involves shaping the clays and then roasting
them at temperatures up to 1200°C. As a result of this
roasting, elements, which are contained in the clay
minerals such as copper, lead, and zinc, are released to
the environment (Fuge & Hennah, 1989). However, a
more significant health problem is the release of fluo-
rine, which is frequently enriched in the minerals of the
clays and rocks used during the manufacture. Very
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serious fluorosis in farm animals occurring in the East
Anglia region of the UK in the 1950s was due to the
extensive brick manufacture in this area (Burns & All-
croft, 1964).

C. Cement Manufacture

Cement is also manufactured by a process involving the
roasting of clay-rich rocks. A mixture of limestone and
shale rocks is heated in a furnace at temperatures
around 1450°C. Shale is a clay-rich rock and can
contain elevated concentrations of potentially harmful
elements, and as in brick and pipe manufacture, these
can be released at high temperatures.

D. Others

Many other industrial activities have been shown to
result in environmental contamination. The production
of enamel, ceramics, and glass releases appreciable con-
centrations of fluorine into the environment (Koritnig,
1972). Another industry shown to release large quanti-
ties of fluorine into the environment is the manufacture
of phosphate fertilizer from the fluorine-containing
mineral apatite [Ca(PO,);(OH,ECI)] (Dabkowska ez /.,
1995).

Of the many other industrial processes that impact
the environment, it is perhaps relevant to mention the
serious impact of chromium in the environment
from tanning plants (Davis ez 4/., 1994). In addition, the
chlor-alkali industry, which manufactures sodium
hydroxide and chlorine from seawater by electrolysis
with mercury electrodes has resulted in serious
environmental contamination of the atmosphere and
waterways with mercury. Spillages and leakage from
the electrodes is also an environmental problem.
Although the chlor-alkali process is being phased out,
disused chlor-alkali works are a continuing source of
contamination.

V. WASTE DISPOSAL

Large quantities of waste materials are produced on a
daily basis from urban and industrial sources. Although
there is a move to recycle and reuse waste products, the
vast majority of waste has to be treated and subsequently

disposed of. Many of the waste products created in
modern society have a detrimental effect on the
environment.

A. Refuse

Most household refuse together with waste materials
from industrial sources is consigned to landfill sites.
Such landfill sites produce leachate that contaminates
soils, surface waters, and groundwaters in the vicinity.
Landfill leachate chemistry is variable and depends on
the components of the landfill plus varying conditions
within the buried material, such as the differing redox
conditions of various parts of the landfill and the per-
colation and flow of water into and through the site.
Modern landfill sites are lined with low permeability
materials such as high-density plastics to eliminate
leachate leakage. However, old landfill sites made use of
suitable depressions, such as disused quarries, and were
not lined. These sites have become serious sources of
contamination. Because landfills can contain a wide
range of waste materials, many elements and organic
compounds can be released, which include toxic metals
such as cadmium and mercury and substances such as
ammonia, nitrate, and sulfate. Due to the generally
anaerobic nature of landfills, methane gas is generated
and in modern facilities this is collected and used as fuel.

Incineration is the other commonly used method of
refuse disposal. This process, which is utilized to
provide a source of energy in some instances, results in
the production of ash that contains many elements that
are potentially harmful to the biosphere so necessitat-
ing disposal in a landfill. Additionally, incinerators can
vent various elements and organic compounds such as
dioxins into the atmosphere which impact local soils and
waters. In this context it is perhaps relevant to note that
uncontrolled burning of refuse, particularly in the
developing world, and the consequent emissions into
the atmosphere are of particular concern because they
are likely to increase in the future.

B. Fly Ash

The residue from the combustion of coal is called fly
ash and large quantities are created which result in
disposal problems. This ash is composed of finely
powdered glass-like particles and is highly reactive. It
contains high concentrations of many potentially
harmful elements, some of which could be readily
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mobilized in the environment. The composition of fly
ash depends on the composition of the original coal, and
it can contain relatively high concentrations of arsenic,
boron, barium, cadmium, chromium, copper, fluorine,
germanium, lead, molybdenum, nickel, selenium, and
zinc together with high quantities of sulfur in the form
of the sulfate anion.

Generally, fly ash is disposed of as a water-based
slurry into lagoons or as a dry powder in landfills. In the
case of slurry disposal, water from the lagoon is drained
to local rivers after treatment and dilution. The soluble
components of the ash are then transferred to local
drainage systems.

A modern approach to fly ash disposal is to reuse it
economically. Thus fly ash has been used in the manu-
facture of blocks for use in building; it has also been
added to agricultural soils to neutralize acidity and to
add essential elements to the soils.

C. Sewage

Sewage effluent is transported to treatment plants
where the solid material, sewage sludge, is separated and
the remaining liquid portion is discharged into rivers
and seas. The liquid effluent can greatly impact the
aqueous environment. The effluent can be enriched in
nitrate, which results in algal blooms and eutrophica-
tion in coastal waters (see Section VI for discussion of
problems of eutrophication). This problem has been
exacerbated due to effluent enriched in phosphate due
to the addition of detergents. These additions have
since been limited or banned in many countries.

Although liquid effluent can cause serious environ-
mental problems, it is the solid waste or sludge that is
the larger problem. Sewage sludge is produced in very
large quantities and its disposal can have serious envi-
ronmental implications. The methods used for its
disposal include application to agricultural land (see
Section VI), burial in landfills, and incineration. Dis-
posal at sea, which was once a common practice, has
been banned in most countries since the late 1990s.
While several methods of sludge disposal are used, it is
its use on agricultural land that causes the greatest
concern.

The composition of sewage sludge is variable because
it is derived from many sources such as domestic efflu-
ent, surface runoff that includes soil and street dust, and
from different industrial effluents. Thus sludge derived
from a predominantly urban area will be very different
compositionally from that derived from highly indus-

trialized areas. The composition of sewage sludge is
variable and has been found to contain metals such as
cadmium, chromium, copper, lead, mercury, molybde-
num, nickel, and zinc along with elements such as
arsenic and fluorine and several organic contaminants
such as polyaromatic hydrocarbons (PAHs) and
chlorophenols. Nicholson ez 4/. (2003) noted that in the
UK controls on discharges from industrial sources
mean that domestic sources of metals have become rel-
atively more important. Thus copper and zinc from
water pipes (see Section X) and elements such as zinc
and selenium, which are contained in many shampoos,
are mainly derived from urban sources.

The impact of sewage sludge application to agricul-
tural land is discussed in Section VI.

D. Nuclear

The disposal of nuclear waste is a relatively modern issue
that is and will continue to be a serious problem for
mankind. This waste is classified as high-, medium-, and
low-level waste depending on its radioactivity. The
favored method for disposal of high- and medium-level
waste is long-term storage in underground vaults, and
the potential for leakage and transport from these is
currently the subject of much research.

Medium- and high-level waste needs to be isolated in
vaults, but low-level waste is frequently disposed of in
surface locations. It is of note that drainage from one
such site in northwestern England, which is the low-
level waste disposal site for the nuclear installation at
Sellafield, contains 61 ugL™" uranium with associated
stream sediments containing 48mgkg™ uranium, far
higher concentrations than are found in surrounding
streams (British Geological Survey, 1992).

VI. AGRICULTURAL PRACTICES

The well-documented environmental contaminants
from agricultural practices are the nitrate and
phosphate derived from fertilizer and farmyard manure
that are applied to soils. These soluble ions are washed
into surface and groundwaters. Nitrate and phosphate
are essential nutrients and in lakes and coastal marine
waters they can cause algal blooms and ultimately
eutrophication when massive algal growths cause all of
the oxygen in the water to be depleted. This results in
the death of the algae and other biota, which leads to
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masses of rotting organic matter. In addition, the leach-
ing of nitrates into groundwater in some agricultural
areas has caused problems when the groundwaters are
sources of potable waters. Such nitrate-rich waters have
been shown to have caused methemoglobinemia in
young babies due to nitrate interfering with the iron in
blood which results in defective transport of oxygen.
This is the cause of so-called “blue blood,” and methe-
moglobinemia is sometimes referred to as “blue baby
syndrome.” It has also been suggested that ingestion of
nitrates can contribute to gastric cancer when some of
the nitrates are converted to nitrosamines, which are
thought to be carcinogens (Mirvish, 1991).

In addition to the problems of nitrate and phosphate
derived from fertilizers, many other contaminants are
added to soil, surface, and groundwaters due to agri-
cultural activities. Thus many substances applied to soil
as fertilizers contain trace elements known to be detri-
mental to the biosphere and potentially toxic to
humans. These substances can accumulate in soils and
be leached into local waters (Table IV). Of the inorganic
fertilizers used, phosphate fertilizers manufactured
from apatite-rich rocks are of particular interest because
they can contain elevated concentrations of several
potentially harmful elements. High cadmium in some
soils and surface waters in agricultural areas has been
linked to the application of phosphate fertilizer, as
shown in Figure 1 by stream plant chemistry for an area

TABLE IV. Concentrations of Some
Trace Elements in Fertilizers Added to
Agricultural Land (mgkg™)

Phosphate Nitrate Sewage
fertilizer fertilizer Manure sludge
As 1-1200 2-120 3-25 2-30
Cd 0.1-190 0.05-8.5 0.1-0.8 <1-3400
Cr 66-245 3.2-19 I.1-55 8-41000
Cu 1-300 — 2-172 50-8000
Hg 0.01-2 0.3-3 0.01-04 <I-55
Mo 0.1-60 1-7 0.05-3 1—40
Ni 7-38 7-34 2-30 6-5300
Pb 4-1000 2-27 11-27 30-3600
Se 0.5-25 — 0.2-24 I-10
U 20-300 — — <2-5
\ 2-1600 — — —
Zn 50-1450 1-42 15-570 90-50000

Data from several sources but predominantly from Alloway (1995).

of Sweden, where the high concentrations in the east
central part of the country reflect fertilizer sources.
Phosphate fertilizers have also been linked to high
uranium concentrations in waters draining agricultural
areas and have been found to be the source of elevated
concentrations of the element in surface peats and
waters in the Florida Everglades (Zielinski ez 4/., 2000).
It should be mentioned that modern phosphate fertiliz-
ers contain less contaminant metals than the earlier
varieties such as superphosphate.

The application of sewage sludge has been shown to
be a source of elemental and organic contamination of
agricultural soils. As mentioned in Section V.D, one of
the methods of disposal of sewage sludge is its applica-
tion to agricultural land as a fertilizer. The composition
of sewage sludges is extremely variable depending on
their geographical source, and their application to soils
is generally controlled with limits that are a function of
their elemental compositions. However, some sludge
applied to agricultural land has, in the past, resulted in
health effects in livestock; for example, Davis (1980)
found that an outbreak of fluorosis in cattle on a farm
in the UK was due to the application of sewage sludge
containing 33,000mgkg™ of fluorine.

The composition of livestock manure is also variable
with its elemental composition essentially derived from
their food and water intake. However, in some cases
feeds are supplemented with metals, as in pig and
poultry diets where copper and zinc are added; thus,
pig and poultry manure are particularly rich in these
two metals. In the past arsenic was added to pig diets,
but this has recently ceased. It is worth noting also that
both sewage sludge and animal manure can add
pathogens to soil and subsequently to surface and
groundwaters.

From a study of metal inputs to agricultural soils in
the UK, Nicholson ez a/. (2003) suggested that of the
fertilizer sources, livestock manure represents the great-
est source of zinc and copper. Sewage sludge was the
most important source for lead and mercury, and inor-
ganic fertilizers (mainly phosphate fertilizer) were the
major source of cadmium. However, Nicholson er 4l.
(2003) concluded that the major input of metals to agri-
cultural soils in the UK was atmospheric deposition (see
Section VIII).

The application of pesticides—insecticides, herbi-
cides, and fungicides—contributes to contamination of
soils and surface and groundwaters. Many organic and
inorganic compounds are utilized in pesticides. Some
of the insecticides are chlorinated hydrocarbons
(organochlorines) that include DDT and lindane, both
of which were found to be toxic to humans. The use of
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these insecticides has been banned for some years, but
they still persist in the environment as they decay
slowly. Other insecticides such as organophosphates
have replaced the organochlorines and, together with
other organic compounds, are extensively used. There
are a large number of organic herbicides and fungicides
that show varying degrees of persistence in the envi-
ronment ranging from a few weeks to many years. Many
of these compounds have been found in groundwater,
some of which is used as a source of drinking water.
Several pesticides are based on inorganic compounds
containing elements such as arsenic, lead, manganese,
and zinc. Copper salts are used extensively as pesticides,
for example, the fungicide Bordeaux mixture.

Another agricultural practice that can impact soils is
the addition of lime, which is used to reduce acidity.
Lime derived from limestone can contain many trace
elements that can influence the composition of the soils.
However, the major influence of lime is in increasing
soil pH, which in turn can reduce the uptake of some
elements by plants. Lime is sometimes added to soils to
limit uptake of potentially harmful elements; thus, in
sewage sludge amended soils, where high concentra-
tions of some metals occur in the sludge, liming of soils
is used to limit the uptake of metals. In some cases
liming of soils has a detrimental effect because it limits
plant uptake of elements that are essential to grazing
animals. Some animals have suffered copper deficiency
when grazing on recently limed pasture. In addition,
copper deficiency is exacerbated if there are high
amounts of molybdenum in the diet, which can arise
from liming soils. This increases alkalinity (pH) and
enhances molybdenum uptake by plants. Molybdenum-
induced copper deficiency (molybdenosis) has been sug-
gested to be the cause of unexplained moose deaths in
Sweden, which have occurred since the mid-1980s in an
area that had previously been heavily limed (Frank,
1998) (see also Chapter 20, this volume).

Many other agricultural processes impact soils locally,
for example, the application of steelworks slag (see
Section IV.A) and fly ash (see Section V.B). The use of
wood preservative, both in agricultural and urban areas,
can add elements such as copper, chromium, and arsenic
to soils and runoff. In addition, metal fences and gates
are frequently coated with zinc (galvanized) and can act
as a source of this metal in the environment. In arid
areas the practice of irrigation can sometimes lead to
problems. High selenium in waters in the San Joaquin
Valley, California, which has lead to toxicity in birds in
the area, was found to be due to leaching of natural sele-
nium from soils by irrigation waters (Kharaka er a/.,
1996). Kharaka er al. (1996) also suggested that several

other western states in the United States have similar
leaching problems with selenium-rich irrigation
waters.

A particularly interesting problem resulting from an
agricultural practice has been manifested in Brazil. Ele-
vated mercury concentrations occurring in tributaries of
the Amazon were originally ascribed to artisanal gold
mining in river sediments, which result from the use of
mercury to amalgamate gold (see Section ILA).
However, it has subsequently been shown that the
mercury in the rivers is derived from soil as a result of
deforestation.

VII. TRANSPORTATION-
DERIVED CONTAMINATION

It has been suggested that motor vehicles represent the
greatest single source of atmospheric contamination.
Motor vehicles are powered by gasoline or diesel, and
their combustion in vehicle engines results in the pro-
duction of exhaust gases in which there are large quan-
tities of carbon dioxide. However, due to incomplete
combustion, carbon monoxide, hydrocarbons, and
nitrogen oxides are also evolved. These gases pollute
the urban atmosphere and are thought to contribute,
along with emitted particulates, to respiratory diseases.
In addition the nitrogen oxide gases destroy ozone in
the stratosphere, which aids in thinning of the ozone
layer.

Vehicle exhaust gases can also contain metallic ele-
ments such as lead, manganese, nickel, and vanadium.
Nickel and vanadium are derived from diesel fuel and
these metals can be very rich in diesel exhaust fumes,
which represent a major component of atmospheric
nickel and vanadium loads. Roadside soils have been
found to be markedly enriched in nickel, and diesel
locomotives can emit significant quantities of nickel and
vanadium.

Lead has been added to gasoline since the early 1920s
as tetraethyl and tetramethyl lead to make its combus-
tion more efficient. However, research showed that the
lead emitted through the exhaust system had a detri-
mental effect on the environment with estimates that
over 75% of environmental lead was derived from this
source. As a result the use of lead-containing fuel has
been phased out in many countries. This is not true of
all countries and gasoline with lead additives is still used
in many developing countries. Because of the phasing
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TABLE V. Vehicular Sources of Metals

Metal Source
Lead Gasoline
Manganese Gasoline
Nickel Diesel + alloys
Vanadium Diesel + alloys
Zinc Tires + galvanized items
Cadmium Tires + lubricating oils (minor amounts)
Chromium Chrome plating, brake linings, etc.
Copper Electrical wiring, thrust bearings, etc.
Platinum group Catalytic converters
metals

out and subsequent ban on the use of leaded gasoline in
the UK, lead concentrations in the atmosphere have
decreased markedly. Although lead concentrations in
roadside soils have also decreased, these soils together
with road dusts still contain high concentrations that
continue to be pathways into the biosphere. In some
countries where lead additives have been banned
methylcyclopentadienyl manganese tricarbonyl (MMT)
is used as an alternative which causes emissions of man-
ganese, a suspected neurotoxin, in exhaust emissions.

Many other pollutant metals in roadside soils are
derived from motor vehicles (see Table V). Zinc is
added to the rubber used for tires and some steel com-
ponents of cars are coated with zinc (galvanized) to
minimize rusting. Cadmium, a component of zinc ores
(see Section IL.A), finds its way into tires and is also used
as an antioxidant in lubricating oils. Chromium is used
in steel alloys and in chrome plating, and nickel is also
used in some steel alloys, which provides a second
potential source of nickel. Motor vehicles are also
thought to be a source of copper pollution, it being
released from copper wiring, thrust bearings, and
brakes. Similarly, metals such as tungsten used in high-
temperature alloys in turbojet components and air-
planes may be found in the vicinity of airfields.

A fairly modern group of pollutant metals derived
from motor vehicles are the platinum group elements
mainly platinum, palladium, and rhodium, which have
been used in catalytic converters. These converters
were first introduced in the 1970s in Japan and the
United States and subsequently in other countries to
clean up motor vehicle exhaust. The catalytic converter
essentially converts carbon monoxide to carbon dioxide,
nitrogen oxides to nitrogen, and hydrocarbons to

carbon dioxide and water vapor. These converters were
originally assumed to be fairly indestructible, but a
study by Hodge and Stallard (1986) showed that road-
side dust in San Diego, California, was enriched in
platinum and palladium. Subsequently there have been
strong enrichments of the platinum group elements in
roadside dust, urban river sediments, roadside drain
sediments, sewage sludges, etc. The concentration of
these elements in some of these sediments is similar to
that found in platinum group metal ores.

VIIl. ATMOSPHERIC DEPOSITION
OF CONTAMINANTS

Many contaminants are released into the atmosphere
and carried as gases, aerosols, and particles, and they are
subsequently deposited on the surface where they are
incorporated into soils and waters, absorbed by plants,
or inhaled by animals and humans. Contaminant
sources augment the many natural sources of elements
and compounds contributing to the atmospheric load,
such as volcanic and hot spring activity, forest and grass-
land fires, and wind-ablated soil particles. The sources
of the atmospheric pollutants are listed in the proceed-
ing sections of this chapter (II, III, IV, V, VII) but
include mining, smelting and refining, power genera-
tion, various industrial processes, waste incineration,
and transportation related activities. In addition, fine
soil particles carried into the atmosphere can have
contaminants adsorbed on their surfaces.

The degree of atmospheric contamination is geo-
graphically variable and depends markedly on meteoro-
logical conditions and potential sources. The degree
of transport of contaminants varies depending on the
form in which they are held. Many contaminants from
vehicles are carried as fairly large particles and are not
carried very far from their source, which accounts for
much of the contamination of road dusts (see Section
VII and IX). However, gaseous and aerosol transport
can carry contaminants very great distances, and such
forms of atmospheric transport are the major causes of
contamination of the Arctic regions where metals such
as lead have been found to be enriched in ice cores.

Deposition of atmospheric metals and arsenic in
Europe has been estimated using moss analysis
(Rihling, 1994). This has demonstrated the importance
of various industries and power generation on the dis-
tribution of the elements, with coal and oil combustion
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and mining and smelting accounting for the majority of
the deposition of arsenic, cadmium, and copper and
much of the nickel and zinc. Almost all of the vanadium
is derived from coal and oil combustion and oil refin-
ing, whereas the steel industry accounted for most of
the chromium and iron and some of the nickel. Lead
was also derived from industrial and power generation
sources, but vehicular contamination was found to be a
major source. Pacyna (1995) estimated that in the
heavily industrialized northern part of the former Soviet
Union, fossil fuel combustion accounted for 75% of the
lead in the atmosphere, 87% of the vanadium, and 34%
of the selenium with 79% of the chromium and 75% of
the zinc derived from the steel industry. Eighty-five
percent of the arsenic, 53% of the cadmium, and 51%
of the antimony came from the mining and smelting
industries.

Deposition from the atmosphere is a major source of
elements for the surface environments. Nicholson ez 4.
(2003) showed that for UK agricultural soils atmos-
pheric deposition was the major source of several metals
and accounted for 85% of the total mercury input, 53 %
of the cadmium, 55-77% of the arsenic, nickel, and
lead, and 38-48% of the zinc.

In Figure 1 the high cadmium on the west coast of
Sweden reflects long-range atmospheric transport.

IX. CONTAMINATION OF
URBAN ENVIRONMENTS

Contamination of the urban environment is of major
importance because a large majority of the world’s
population live in this environment. Urban contamina-
tion is derived from many sources and motor vehicles
are a major present-day source (see Section VII);
however, many urban areas also house industrial activ-
ities with consequent contamination. Even in modern-
ized cities in many countries, even though industries
have moved out of the urban area, historical industrial
activities have left large areas of contaminated land.
Additionally, in many urban areas fossil fuels are still
burned as sources of household heating. Contamination
can also arise from fertilizers applied in parks and
gardens, pesticide use, and garden fires and bonfires
adding to atmospheric and soil pollution. A further
source of urban contamination is the disposal of waste
and refuse in gardens and open areas, and uncontrolled
burning in the latter.

TABLE VI. Metals in the Urban
Environment—Birmingham, England

Urban area—street dust Range (mgkg™)

Cadmium 0.4-25
Chromium 9-228
Copper 36-3160
Lead 32-4820
Nickel 11-683
Tin 3-332
Zinc 79-5210
Urban area—soil

Cadmium 0.7-1.6
Copper 38-715
Lead 75-350
Zinc 53-450
Rural area—soil

Cadmium 0.2-0.5
Copper 5-57
Lead 14-74
Zinc 10-180

Note: Data for dust was obtained with a strong acid
attack and represents a virtually total extraction of
metals. Soil data is for a weak acid attack and represents
metals which are easily extractable.

Data for street dust are from Brothwood (2001) and
data for soils are from Davies and Houghton (1984).

Many contaminants have derived from urban sources
with many elements noted as enriched in urban soils
relative to their rural counterparts (Table VI). Thus
arsenic, antimony, boron, cadmium, chromium, copper,
lead, mercury, molybdenum, nickel, tin, vanadium, and
zinc, among others, have been listed as serious contami-
nants of the urban environment. The soils and street
dusts of the urban environment are enriched in many
potentially harmful metals (Table VI) and are the major
sources of household dust. They represent a major
pathway into the human body via inhalation and inad-
vertent ingestion from hands, which is a particular
problem for young children. Although many of these
elements are potentially harmful to humans, it is lead
that has attracted the most attention because it has been
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shown to cause serious health problems in children
from urban environments.

Lead in inner city areas is derived from a variety of
sources. The use of leaded fuel in vehicles (see Section
II) either has been or is being phased out in most devel-
oped countries; however, it is still used in many less
developed countries. Even in countries where leaded
fuel is banned, much of the urban dust and soil lead is
a legacy of its former usage (Table VI). Even though the
major source of urban lead is likely to be the past or
present use of leaded fuel, Mielke (1994) in a study of
New Orleans, Louisiana, found that a major source of
lead in soils of inner city areas was lead-containing
paint. Although such paints are no longer used, the
exteriors of older houses have layers of lead-based paint
which have been painted over. Weathering of the paint
or renovation of the houses where the old paintwork is
scraped off results in the addition of lead to the soils.
Old lead paintwork has also been shown to be a source
of lead in children who ingest paint flakes that have been
either picked off the paintwork or scraped off during
renovation.

Lead is an extremely toxic element and attacks the
central nervous system. Young children are particularly
vulnerable. In extreme cases of lead toxicity, although
now very rare, the brain swells (encephalopathy) and
death can result. The obvious symptoms of lead toxic-
ity are rare, but the subclinical effects are a cause for
concern as they have been shown to impair learning and
cognitive response. Surveys of children residing in inner
cities have shown that relatively low intelligence quo-
tients (IQ) correlate with high body burdens of lead.
These levels are sometimes estimated from the lead
content of the milk teeth of young children and moni-
tored by blood lead levels.

In addition to the elemental contaminants mentioned
above, it is worth pointing out that many organic con-
taminants, such as dioxins and PAHs, are added to the
urban environment from industry, fossil fuel combus-
tion, and refuse burning.

X. TREATMENT AND TRANSPORT
OF POTABLE WATERS

Drinking water for humans comes from surface and
groundwater sources and, hence, its initial chemistry is
governed mainly by the chemistry of the surface sedi-
ments and rocks with which it interacts.The initial

water is generally subjected to various treatments to
ensure that it is fit for human consumption and this
process modifies its composition. Subsequently, the
water is distributed through a network of pipes that are
frequently metallic; this transport can also modify the
water composition.

Surface water frequently carries solid matter that
needs to be removed. Although coarse material can be
removed easily by filtering, finer material poses more of
a problem and a coagulant is added to cause the floccu-
lation and precipitation of this material. As a result of
the coagulation process traces of the coagulant remain
in the water. Several chemicals are used as coagulants
and one of the most important is aluminum salts.
However, concern has been expressed concerning ele-
vated aluminum in drinking water, because some studies
suggest that it is a contributory factor in Alzheimer’s
disease (premature senility). Iron compounds have
also been used as coagulants, but their use can lead to
subsequent strong leaching of metals from pipe
surfaces.

Following removal of solid material the water is dis-
infected to remove any potentially harmful organisms.
The most common disinfectant is chlorine. However, it
has been shown that chlorine can react with organic
matter in the water to produce chlorine-containing
organic compounds (chlorophenols) that have been
shown to be carcinogenic.

Following treatment the water is distributed through
pipes, which are frequently metallic, and as a result
traces of the pipe metal are transferred to the water. For
example, where copper pipes are used copper and zinc
are found in the water. The concentrations of these
metals are generally low and Fuge and Perkins (1991)
recorded <65 ug L™ copper and <40 pg ™! zinc for most
samples analyzed in the main drinking water in north
Ceredigion, Wales. However, in low-calcium contain-
ing (soft) waters from springs and wells where the drink-
ing waters were untreated, much higher copper and zinc
levels were present, with up to 500ugL™" of copper and
125ug L™ of zinc recorded.

Lead pipes have been extensively used in the past for
transporting water, but in view of the known serious
health effects of lead (see Section IX), this metal is no
longer used and in many cases older lead piping has been
replaced. However, due to its historical use some lead
pipes are still in place and Fuge and Perkins (1991)
record 29ugL™" lead in a supply with lead pipes. Lead
in drinking water is highly bioavailable, and it has been
suggested that this is a major pathway into the human
body in some areas where lead piping is still in use.
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TABLE VII. Important Anthropogenic Sources of Some Elements Known to Have Detrimental Effects on

the Biosphere

Element Sources

Antimony Mining, smelting, fossil fuel combustion

Arsenic Mining, smelting, steel making, fossil fuel combustion, geothermal energy production, phosphate fertilizer, pesticides

Cadmium Mining, smelting, fossil fuel combustion, incineration, phosphate fertilizer, sewage sludge, motor vehicles

Chromium Smelting, steel making, fossil fuel combustion, phosphate fertilizer, sewage sludge

Cobalt Mining, smelting, fossil fuel combustion

Copper Mining, smelting, fossil fuel combustion, manure, sewage sludge, pesticides

Fluorine Mining, aluminum refining, steel making, fossil fuel combustion, brick making, glass and ceramic manufacture,
phosphate fertilizer

Lead Mining, smelting, fossil fuel combustion, sewage sludge, pesticides, motor vehicles

Mercury Smelting, fossil fuel combustion, incineration, sewage sludge

Nickel Mining, smelting, steel making, fossil fuel combustion, oil refining, sewage sludge, motor vehicles

Selenium Smelting, fossil fuel combustion

Thallium Smelting, fossil fuel combustion

Uranium Fossil fuel combustion, phosphate fertilizer

Vanadium Steel making, fossil fuel combustion, oil refining

Zinc Mining, smelting, steel making, fossil fuel combustion, phosphate fertilizer, manure, sewage sludge, pesticides, motor

vehicles, galvanized metal

To this end the World Health Organization (WHO)
suggests that drinking water contain no more than
10pg L™ of lead.

XI. SUMMARY

The geochemistry of environmental media is strongly
dependent on the chemistry of the natural sources from
which they have been derived or with which they have
interacted. However, the chemistry of environmental
materials demonstrates a superimposed anthropogenic
signal. It has been suggested that no environment on
Earth is free of contamination and even the polar ice
caps have elevated lead concentrations. Anthropogenic
impacts on the environment result from many human
activities that range from the extraction of raw materi-
als from the Earth and manufacturing the many prod-
ucts needed by society that provide the food and
generate the power for the world’s population and sub-
sequent disposing of the resultant waste materials. With
much of the world’s population living in major conur-
bations, nowhere is the impact of anthropogenic activ-
ities more evident and much of this is derived from the
use of motor vehicles.

The anthropogenic influence on the environment has
resulted in many elements and inorganic and organic
compounds impacting soils, waters, and the atmosphere.
As humans and animals are dependent on these media for
food, drinking water, and air, any contaminants can enter
the biosphere and can potentially have a serious impact
with resultant health problems. A summary of the major
sources of elements that can have serious effects on the
biosphere is given in Table VIL

SEE ALSO THE FOLLOWING CHAPTERS

Chapter 2 (Natural Distribution and Abundance of
Elements) - Chapter 11 (Arsenic in Groundwater and
the Environment) - Chapter 20 (Animals and Medical
Geology)
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I. INTRODUCTION: THE ESSENTIAL
CHEMISTRY OF ALL LIVING CELLS

In order to appreciate the initial link between the
geosphere and the biosphere about 4 x 10” years ago,
certain characteristic, essential features of the organic
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CHAPTER 4

UPTAKE OF ELEMENTS

FROM A CHEMICAL
POINT OF VIEW

RoBerT J. P. WiLLIAMS
Oxford University

chemistry of all known living organisms need to be noted
and put into the context of the nature of primitive
Earth. The chemicals concerned are in the cytoplasm,
which is the central compartment of all cells (Figure 1).
The common features of cells of this cytoplasmic chem-
istry are the syntheses of polymers such as the produc-
tion of lipids (fats), polysaccharides (sugars), proteins,
and nucleotides (DNA and RNA). They are all
products of a few non-metal elements extracted from
the environment; namely carbon, hydrogen, nitrogen,
oxygen, sulfur, and phosphorus. Now the very nature of
the polymers and their small molecule building blocks
is that all of these six elements except phosphorus have
to be in reduced states relative to CO(CQO,), H,0O, N,
(O,), and elemental sulfur. This means that they are
bound not just to one another but are bound, except for
phosphorus, mainly by hydrogen. There is then a
requirement in all cells for the cytoplasm to have a
reductive synthesis capacity (below —0.5V). Because the
required reductions cannot be brought about by organic
chemicals, a transition metal ion redox catalyst, such as
iron and copper, is also essential. This cytoplasmic
chemistry is demanding in other ways because the initial
small building blocks, such as simple aliphatic acids,
sugars, amino acids, and bases, need to be polymerized.
There is then a second requirement for a suitable Lewis
acid/base catalyst and again metal ions, especially diva-
lent ions magnesium and zinc, are extremely valuable in
reactions such as condensation polymerization.

Copyright © 2005, Elsevier Inc.
All rights reserved.
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FIGURE 1 The simplest possible cell had a single membrane that enclosed an aqueous solution called the cytoplasm. The mem-
brane was made from lipids; see (a) and (b). The cytoplasm had to have a supply of energy shown as adenosine triphosphate (ATP) in
(c) which is bound pyrophosphate (see text). As far as simple ions were concerned, the cell in the sea had to maintain relatively low
Na*, Ca*, and CI” while accepting K* and Mg** using energy (ATP) to pump them. The pH had to be kept at about 7.0. Note that ATP
is also used to provide energy for organic synthesis, and it is made from a proton gradient due to redox reactions.
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XOH+YH — XY +H,0

A pH close to neutral is also necessary to avoid hydrol-
ysis and the solution must therefore be buffered by
small molecules. Of course all the activities of a cell
require energy, so the cytoplasm must have a way of
capturing energy. Energy is used in synthesis, uptake
and rejection of elements and compounds as required.
All environmental energy sources such as light and
unstable chemicals also require several inorganic ele-
ments in the capture machinery of cells. Many steps in
this capture require one-electron redox reactions, which
are almost invariably aided by transition metal catalysts.
Condensation of phosphate, for example, in adenosine
triphosphate (ATP) is also necessary. Energy-
containing ATP is made by reaction of adenosine
diphosphate (ADP) with phosphate giving a pyrophos-

phate, which on hydrolysis is used to remove water
XOH+YH+ATP — X-Y +ADP+P.

Finally, all of this organic chemistry occurs in water and
to be reproducible it has to be carried out in a fixed ionic
medium.

Along with the absolute requirements of the organic
chemistry of the cytoplasm of all cells, there is then an
absolute need for metal elements. Next the limitations
imposed upon the possible selection of these elements
will be reviewed as well as the nature of the original
inorganic environment of the Earth from which these
elements had to be obtained and which allowed life’s
chemistry to start. Once the system started, certain
unique features were unalterable as is seen in the cyto-
plasm of cells in all life. The most important environ-
ments for our consideration are the primitive sea (Table
I and Figure 2) and the atmosphere from 4 x 10’ years
ago, because it was in the sea (or at least in water) and
the interface with the atmosphere that life began. There
will be no attempt to describe the origin of life in this
chapter, instead it will try to show the chemical limita-
tions of the primitive sea and atmosphere for any devel-
opment of a chemical system such as life before going
forward to evolutionary considerations as this environ-
ment changed.

II. AN ELEMENTARY INTRODUCTION
TO PRIMITIVE EARTH

The formation of the Earth with its excess of metals and
hydrogen gas over non-metals such as oxygen, due to

TABLE I. Available Concentrations in the Sea as
They Changed with Time (Estimates)

Metal ion  Original conditions (molar)  Aerobic conditions (molar)

Na* >10"' >10"'

K* ~107 ~107?

Mg ~107 >1072

Ca* ~1073 ~1073

v ~107 ~107% (VOI)
Mn?* ~107 ~107°

Fe ~107 (Fe") ~10"7 (Fe")
Co* <107 ~(10™"

Ni** <107 <107

Cu <107 (very low), Cu' <107, Cu"
Zn** <l0™"? <lo®

Mo <107 (MoSF, Mo(OH)g) ~107 MoO?)
w ~10 (WS?) ~10 (WO?)
H* pH ~7 pH 8 (sea)
HaS 107 10 (SO
HPOZ <10 <10 (HPOZ)

Note: The values for the original primitive conditions are estimates
based on a pH of 8.0, an H,S concentration of ~102M, and a CO,
pressure of |atm.

The concentrations in today’s aerobic condition are taken from Cox
(1995).
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FIGURE 2 Contents of the sea in profile. The dashed line

gives the molar concentration in the most primitive sea and the
full line gives the concentration in the sea today.
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the abundance of elements in the universe and the way
Earth was formed, meant that from its beginning the
whole planet was a reducing system. Although much of
this metal content was isolated in the Earth’s core and
much hydrogen gas was lost, the different zones as they
formed were made from reduced forms of many ele-
ments. Thus the atmosphere contained carbon as
CO/CO; and some CH,, nitrogen as N, and NH;,
oxygen and hydrogen as H,O, sulfur as H,S, and chlo-
rine as HCI. The mantle contained lower valent metal
oxides such as complex silicates and sulfides. (Note that
all the metals could not be made into their preferred
thermodynamic states as oxidic minerals so some were
formed as sulfides.) It was seen that HCI reacted imme-
diately with the metal oxides to give simple metal chlo-
rides such as NaCl, which is virtually the only form
of chlorine on Earth. Its solubility made NaCl the
dominant chemical in the sea. The excess of basic metal
over acidic non-metal oxides, which is partly due to
abundances in the universe and partly to the volatility
of non-metal compounds, gave rise to reactions that
neutralized the acidity of the non-metal compounds
to an ocean pH of about 7-8. At this pH carbonates,
phosphates, and hydroxides form a buffered solution.
Further solution of many elements was prevented by
the insolubility of mixed oxides such as silicates and
carbonates and sulfides. Full equilibrium between all
elements in the core, the mantle, and the sea was
not reached; otherwise there would have been much
less of an inner metal core and no aqueous layer. How-
ever, it is suspected that approximate equilibrium
was reached between the sea and its immediate neigh-
bor phases with occasional injections from remote
zones.

At that time there would have been and there still is
a large temperature gradient from core to atmosphere.
It is the high temperature of the isolated core plus
energy from the sun that allowed water to remain as a
condensed surface /iguid sea, separate from the core and
mantle. Its temperature range from 0 to 100°C, a tem-
perature demanded for life to exist, has been maintained
fortuitously for about 4 x 10” years. It was these
energy gradients and the lack of chemical equilibrium
between the sea and the core that also allowed a small
flow of unstable reduced materials from the mantle to
the sea. This also allowed a flow in cells that needed
energy to reduce the oxides of carbon. Earth thus pro-
vided all the chemical ingredients as well as the energy
for the cytoplasm of the most primitive cells. (Clearly
the situation is not stable and a major eruption from the
core could return the present atmosphere to its primi-
tive state.)

I1l. CHEMICAL ELEMENT RESTRICTIONS
ON PRIMITIVE LIFE

These considerations show that there are clearly strong
restrictions upon the elements which could form a reac-
tive system and become living cells. These reactions are
due to the limitations of abundance and availability of
the elements in the primitive sea. Turning to specific
groups of elements, abundance severely restricted the
amounts of lithium, beryllium, boron, and fluorine and
all elements beyond atomic number 36. Abundance also
restricted the amount of chlorine so that it was effec-
tively all in the form of NaCl with some KCI and MgCl,
in the sea or trapped in salt deposits. (There was no
sulfate, only sulfide.) The sea was and is not saturated
in such soluble salts, because the chloride supply is
limited. Other availabilities in the early sea were
restricted by the water solubility of oxides—sometimes
as mixed oxides such as silicates, phosphates, and car-
bonates—and sulfides. The obvious restrictions due to
oxide solubilities, apart from the mixed oxides of Si and
P, were of the elements of Group 3 (Al group), 4 (Ti
group), 13 (Ga group), and part of Group 14 (Sn).
Restrictions due to sulfide solubilities generally applied
to transition metals (Groups 3-12) and later elements
in Groups 14 (Pb) and 15 (Sb, Bi), though some
remained as insoluble metals (Au). The concentration
of hydrogen as H" was controlled by the variety of
buffering systems described above. Of great interest is
the restriction on the availability of the reduced states
M?** and M* of the first transition metal series, but
molybdenum and tungsten will also be looked at among
metals and also selenium of the non-metals.

The precipitation of their sulfides limited concentra-
tions [M], of the reduced (divalent) ions of the first tran-
sition metal series as follows:

Mn2+ Fe2+ C02+ Ni2+
<107 | <107 | <107 | <1072

CU/(Cu®) | Zn*
<1072

<107F

The order is close to the order of solubility of many
other of the salts of these elements and close to the
inverse stability and extractability of their complexes.
"This order is called the Irving-Williams series. Outside
this series the most interesting elements are from
Group 5, 6, and 16. Molybdenum was reduced by H,S
to Mo(IV) and precipitated as MoS,, whereas tungsten
remained somewhat soluble as WO3~ or WS2~. Note the
geological states of these elements. Vanadium from
Group 5 would also have been reduced, but its VO** ion
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remained somewhat soluble. Very few metallic elements
other than Mn** and Fe** could have been present at
greater than 10°M due to abundance and solubility
restrictions. (The dominance of iron is in part due to its
universal abundance.)

Among non-metals—other than carbon, nitrogen,
hydrogen, oxygen, chlorine, and sulfur—which were all
available as lower oxides or hydrides in the reducing
atmosphere and/or in the sea, phosphorus and silicon
remained as somewhat soluble elements HPO? and
Si(OH), in the presence of divalent metal ions in the
sea. All halogens remained as halides usually seen in the
sea. Selenium as H,Se was the only other non-metal
element of significant abundance and availability,
because all others are rare or precipitated as sulfides.

Finally it must observed that these concentrations of
elements in the sea, (Table I) are close to equilibrium
values of solubility and redox potential and complex ion
formation among themselves because on the time scales
of interest the elements in different compounds are in
fast exchange.

IV. ELEMENTS PRESUMED (KNOWN) TO
BE REQUIRED BY PRIMITIVE CELLS

In the light of these geochemical data about the com-
position of the primitive sea and atmosphere, it must be
asked which elements were not only available but have
been found to be of significance for the required prim-
itive chemistry of cells described above. The most prim-
itive cells had a single compartment, the cytoplasm,
encircled by a membrane. These cells are called
prokaryotes. Rather than make further remarks about
the environment, attention is now turned to the com-
position of the anaerobic prokaryote cells in sulfide
media that are known today and assumed to be similar
to the earliest forms of life. The elements in such cells
are listed together with their free ion concentrations in
Table II. Note that quantitative knowledge of concentra-
tions of particular compounds, e.g., fiee ions, is neces-
sary as we wish to appreciate the nature of a reaction
systemn that cannot be understood by looking at qual-
itative considerations such as the total amounts of ele-
ments or of such molecules as DNA. The profile of
metal elements in each compartment of a cell (or the
sea; Figure 2) is called a metallome, which has two con-
centration parts: the free metallome and the bound met-
allome. It is also important to distinguish the elements
that are in fast exchange within the lifetime of a cell (see

TABLE I11. Composition of
Cytoplasmic Fluid of All Cells

Element Form Concentration (M)
H H* 10”7
Na Na* <1073
K K* 107
Cl clr <1073
Mg Mg** 10
Ca Ca? <107
Mn Mn?* ~10°¢
Fe Fe? ~107
Co Co? <10”?
Ni Ni%* <107'°
Cu Cu* <107
Zn Zn? <l0™"
Mo MoO?% ~107

TABLE I11. Exchange Rates of Water
from Metal Ions

lons Exchange rate (sec™')
Na*, K*

many anions 10°

H* 10"

Ca?, Cu', Mn*, Zn* 108

Fe?*, Co* >107

Mg2+ | 06

Ni2* 10*

Fe¥, AP <10®

Table III). It is immediately noted that there is a general
agreement between the concentrations of the available
elements free in the primitive sea and those free in the
cytoplasm of cells (Tables I and II). This is still true
despite the changes in the sea. Just as the essential
organic chemicals of the cytoplasm have remained fixed,
so the free cytoplasmic inorganic element concentra-
tions have not changed. In fact the two may well have
initially formed an inevitable, locally energized, system of
reactivity in some restricted compartment based on the
composition of the primitive sea and atmosphere before
there were coded molecules such as DNA. The sugges-
tion is that long before there was Darwinian pressure
on reproductive evolution there was an energized
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chemical drive to a particular system. This has not been
proven, but it is very difficult to see how life began from
any other standpoint.

At the quantitative level there are still some striking
divergences between the cellular and the environmental
sea free ion concentrations. Most notable are the dif-
ferences in free sodium, chlorine, and especially calcium.
Why is the system energized in these gradients much as
organic chemistry is energized by covalent binding?

Before further consideration of the free and com-
bined forms of the elements in the environment and in
primitive cells and then the ways in which evolution has
generated new cellular systems, and given that the cell
concentrations under discussion are not all under ther-
modynamic control but can have strong kinetic man-
agement, a brief outline of the methods of study of the
element concentrations and controls will be given in the
next section. It is believed that a thorough knowledge
of the element content of every compartment of living
organisms is equally essential to the knowledge of its
protein content, the proteome. In consideration of evo-
lution, it is necessary to follow the analysis of elements
in free and combined forms in cellular compartments
with that of those available in the environment with
time. This may give new insight into what is taken here
to be the inevitability of the development of life,
although its timing is quite uncertain. It may also help
us to set up criteria for possible life forms on other
planets.

V. METHODS OF STUDY

The knowledge that is required to understand the ways
in which different elements function in organisms can
be divided into:

1. Determination of their total analytical
concentration

2. Appreciating the precise location of each element

3. Deciphering the differently combined forms and
concentrations including the free ions in different
places

4. Determining the kinetics of exchange, including
uptake and rejection, and the associated activity of
free and combined forms, including restrictions on
diffusion in chemical and compartmental traps

5. The link to organic syntheses

This chapter cannot handle these extensive topics in
any depth and the interested reader is directed to a
variety of methods described in the literature. Under (1)

see above destructive micro-analysis is sufficient. To
appreciate location (2) the best methods employ sec-
tional slice analysis using dark-field EM methods and
low temperatures where possible to determine atomic
masses. Note that modern tomography and image
reconstruction procedures can give high resolution
below 10A in all three-space dimensions for certain
materials. The free ion concentrations locally are deter-
mined using optical or fluorescent binding reagents,
and total local element concentrations are determined
by staining or SIMS in which a focused laser beam
volatilizes a small local volume into a mass spectrome-
ter. Proton bean microscopy is useful for many elements
too. Often the only methods available under (3) depend
upon careful extraction because the molecules are
unstable. Fractionation into units such as vesicles or of
molecules is then required. Traditional analytical
methods as in (1) can then be used to quantify element
composition. The determination of uptake or rejection
(4) can use radio-isotopes or mass spectrometry (isotope
mass fractionation) or of course the traditional methods
of enzymology. Using all the methods together gener-
ates knowledge of the concentrations of selected
elements, free and combined, in many separate
compartments. However, the collection of analytical
knowledge is far from complete.

It is difficult to understand the link under (5) between
the concentration of the combined elements and
organic synthesis, but we especially need to know about
the organic synthesis of the reagents with which metals
are combined. There are two very different final situa-
tions: thermodynamic equilibration of metal ion, M,
and ligand, L; and irreversible insertion of a metal ion
into a ligand. Note that the ligand can be a small chelat-
ing agent, a protein, or even DNA. In equilibrated
binding the uptake of free metal ion and the synthesis
of the ligand must be limited by feedback controls over
uptake and synthesis, i.e., to expression via DNA/RNA,
so that a complex ML is present in a fixed concen-
tration. In the second situation formation of [ML] is not
related to free [M] but to control the kinetics of inser-
tion and the accessibility of L feedback controls rest
upon free [ML] as well as upon [M] and [L]. The
methods of study now depend not on analysis alone but
on knowledge of organic synthetic pathways and their
controls all the way back to the gene. Genetic control
of L synthesis resides in feedback to transcriptional and
translational regulation by [M], [L] and [ML] (see
Figure 6). Study is now needed of DNA and its regu-
lated response to inorganic elements. Note again that
study of evolution through DNA can lead to evolution-
ary connections, but it says nothing about concentra-
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TABLE IV. Sources of Energy

Period (years ago)

Energy sources

Initial (@) The sun

(4.5 x 10°) (b) Basic unstable chemicals in the crust
(c) Chemicals stored at high temperature

in the core

After say (@) As above

| billion years (b) Some oxidized materials, some SO%;

(3.5 x 10%) very little O,, H,0O,

After say (a) As above

2 billion years (b) Further oxidized materials, e.g. Fe®*;

(2.5 x 10%) modest O,, H,0,

After say () As above

3 billion years (b) Further oxidized materials, almost 1%

(1.5 x 10%) of final O, pressure

Today (a) As above

(b) Man’s fuels
(c) Atomic energy

tions and causation of systems. It is not possible to
appreciate the developments of chemical systems
through the analysis of single molecules. Systems are to
be seen through quantitative intensity factors such as
temperature and concentrations of components in local
zones. Finally, all the processes of uptake, rejection, and
synthesis require energy (see Table IV), which have
changed with time.

VI. EQUILIBRIUM BINDING
AND EXCHANGE

As indicated above, equilibrium is established rapidly
between most organic ligands or inorganic anions with
lower valent cations even when binding is quite strong.
This feature of inorganic chemistry contrasts strongly
with the kinetic control over the reactions of organic
elements in compounds. Although there are exceptions,
the rule is that thermodynamic constants (see Figure 3)
are limiting factors over the binding of many metal ele-
ments in cell compartments. These include at least Na*,
K, Mg, Ca**, Mn*", and much of Fe’", but only some
of the bindings in biological cells of other elements
found in cells. Molybdenum, cobalt, nickel, copper, and
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FIGURE 3 A plot of the stability constants of some metal
ion complexes. The constant is for the equilibrium

M+ L2 ML

Mg* (not shown) binds less to all ligands except those labeled
O/O such as ATP (see Figure ). The ligands here donate elec-
trons to the metal ions. Typically O/O is a pyrophosphate, N/O
is an amino acid, N/N is a di-amine, and N/S contains an amine
and a thiolate (see Figure 4). Note that the inverse of these plots
are the profiles of the free metal concentrations in the presence
of certain ligands.

zinc can be considered in this way too. The pattern of
anion reactions is often different because they can be
linked covalently in organic molecules, but there are
frequent occasions when it is necessary to refer to the
binding equilibrium constants of CI5, HCO;, NOs,
SO;, HPO, MoOj, WO7, and Si(OH), in cells.
Here our concern is with the metals, referring only now
and then to non-metals.

It has already been seen that the equilibrated binding
in oxides and sulfides restricted the primitive environ-
mental availability of the metal elements. The plot of
insolubility of the sulfides in the Irving-Williams series
is very steep, rising to beyond 10°°M at copper at
pH = 8. We have to consider these insolubility data
against the ability of the organic molecules, which cells
could produce from H, C, N, O, P, and S, in consider-
able variety, to bind reversibly to the metal ions at pH
= 7 (Figure 4). The resulting organic molecules have
frameworks with pendant side-chains that can bind to
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Selective ligands based on different donor atoms
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FIGURE 4 The formulae of some organic ligands and a complex ion with organic ligands (A).

metal ions. Single side-chains such as —OH, —NH,,
—SH, —COOH, and —OPO;H, and their anions bind
weakly. The vast majority of bindings therefore involve
from two to six of such groups in the form of looped
structures called chelates. These binding ligands are
divided according to the binding (donor) atom into
oxygen, nitrogen, and sulfur donors. Model studies have
given the optimal conditional binding to various such
ligands, and are therefore to be expected of proteins at
pH = 7 which form the majority of the frameworks.
Proteins have sets of such O-, N-, or S-donor binding
centers. The binding constant profiles for the different
combinations in small model complexes (and proteins)
are shown in Figure 3. It is clear that not only did and

does availability restrict the possibility of a cell obtain-
ing an element from the environment, but binding con-
stants indicate the limits at which metal ions could have
been captured by ligands in primitive cells against the
competition from the environmental oxides and sulfides
even though uptake could be energized. Certain general
statements can be made based upon these effective equi-
libria and knowledge of cellular organic chemicals,
largely proteins. (Effective refers to the binding under
the conditions of temperature and competitive reactions
in the cell.) These statements include:

1. Na" and K* could only be retained at the
concentration of the free ions in cells, 10™ to 107
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M, by physical barriers, because binding constants
are very small. The binding by special cyclic or
rigid frame O-donor ligands can retain only a small
percentage of the ions.

. Mg”* and Ca** could be retained considerably in
bound forms at the observed concentration, 107
and <107°M respectively, of these free ions, by a
variety of O-donor ligands but not by S- or N-
donors.

. In marked contrast with (1) and (2), it was hard to
retain almost any transition metal ion by O-donor
ligands alone, but the increased binding by N- and
S-donors did allow binding at the ion
concentrations seen in cells for Mn** and Fe**
(~10°M) even in the presence of H,S, which gave
rise to external precipitation of sulfides.

. There were very few ways of retaining Co**, Ni**,
Cu' (Cu*"), and Zn?* because of the removal of
these ions by the sulfide of the primitive sea.

. Molybdenum was more strongly held in MoS, than
were tungsten and vanadium in their sulfides so
that tungstate and VO** would have been captured
in primitive cells by organic chemical ligands to a
greater degree than molybdenum.

. Among anions that were not covalently retained,
chloride could only be retained at the
concentration found in cells (107 M) by physical
membrane constraints because it is very weakly
bound. Sulfate did not exist in primitive times but
some phosphate could be retained at equilibrium
binding at 10™*M and also kinetically by covalent
binding. Bicarbonate (carboxylate of small ligands)
is weakly held but organic phosphates are more
strongly retained.

It is very important to understand that all equilib-
ria in all systems in an isolated compartment are
restrictions on the variables of the system that are
not biological but purely chemical, contrast a coded
synthesis of a protein, and each unavoidable effective
equilibrium constant is then an enforced character-
istic of life or of any other organization. The profile
of free exchanging metal ions at effective equilibrium
in the cell cytoplasm is a characteristic of all life and
is fundamental to it (Figure 5). Any code had to work
with this profile just as it had to produce only certain
organic molecules.

. Because all ligands bind all the metal ions when
both are in sufficient concentration, it is important
to devise the ligands such that their binding
constants are as discriminating as possible opposite
the free ion concentrations allowed in cells. This
permits each metal to be used in a selected
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FIGURE 5 The profile of free metal ion concentrations in
primitive cells. The values are not very different in the present-
day cytoplasm of all cells.

functional way (see below). It is necessary therefore
to limit the ligand concentration so that there is
little excess free ligand after binding its selected
element. The latter avoids binding of the wrong
metal to a site. This was achieved in cells by
limiting the production of the binding ligand
through feedback inhibition by [M], [L], or [ML]
via DNA of the synthesis of the ligands. This
possibility could hardly have been present in the
most primitive system but is a dominant feature in
coded cells (see Figure 6).

Before continuing this analysis, it is necessary to be

careful not to overgeneralize. Equilibrium considera-
tions are important, but in two ways cellular chemistry
escapes their limitations:

1.

Elements can be energized as they pass through
physical, membrane barriers so that free
concentrations can be increased or reduced by up
to 10* relative to environmental values while to
some degree all ions will leak into cells. This
prevents equilibrium with the environment but not
internally to a compartment.

. Binding can be made as irreversible inside cells as

in the uptake of non-metals.

Only those elements that exchange reasonably readily

inside cells can be examined. A factor of 10* to 10~ has
been added in Figure 5 as the variation away from equi-
librium based upon known values of free ions in the sea
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FIGURE 6 A simple picture of feedback, F. In each case a molecule or ion in a cell builds up to a certain level by pumping (Figure
1) or by metabolism. At this level the molecule or ion feeds back to the pump or the metabolic path and blocks it. This ensures that
cells work at a fixed concentration of many small components, including both free metal ions, the metallome, and free mobile coen-

zymes, which are part of the metabollome.

and the known limitations of uptake or rejection into
or out of cells. This gives a picture of free ion levels
based on model chemical and real biological complex
ion studies (shown in Figure 5), which applies to the
cytoplasm of all cells. These profiles have been referred
to as the free metallome because there are parallels in
all cells. Moreover, the elements that were bound by
selected organic ligands, given the variety of O-, N-,
and S-donors which the cell could make, are close to
expectation (Figures 3 and 4). This leads again to the
suggestion that life started as a system of energized
chemical reactions in one compartment which required
the presence of an environmental zone on Earth con-
taining about 20-30 available elements. Of these, about
20 are utilized in cells and a few are rejected. The zone
that became a cell was then self-sustaining but unable
to reproduce. These are general features of life which
are not due to competitive Darwinian pressure but arise
from geological and chemical limitations. In this light
it is possible to see how cells use elements in an ener-
gized way.

VIlI. THE FUNCTIONAL VALUE OF
ELEMENTS IN CELLS

A. Osmotic and Electrical Balance

The most basic requirement of the inside of a cell is to
avoid excess concentration and charge, which could
destabilize a cell by osmotic or electric pressures (see
Figure 1). By necessity a cell is rich in organic mole-
cules and, hence, it must have had a lower content of
inorganic ions than the sea. The organic molecules of
the cell are mostly anions so the cell must have also
rejected the major anions of the sea, but even then it
had to maintain approximate charge neutrality. These
objectives are achieved by pumping out Na* and CI” and
allowing K* to come in. Another essential feature is that
Ca’* must be strongly rejected because it forms precipi-
tates and aggregations with organic anions. Most other
free and smaller divalent ions, with the possible excep-
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tion of the larger Mn**, can be retained up to the limits
seen in the primitive sea. Mn** forms some insoluble
salts such as oxalates. The resultant energized gradients
of Na*, CI, and Ca®*, the main ions rejected, allowed
the favorable uptake of K* (to neutralize charge) and an
internally equilibrated intake of all other cations (and
anions) in small free amounts but with a high percent-
age bound. Although this description of the primitive
cell system is certainly a necessity, it is still unknown
how this energized system evolved. (This puzzle paral-
lels that of the origin of synthesis of the particular
organic compounds, which came to form a coordinated
set in a cell and no solution to the problems is offered.)
However, given fast exchange it is clear that the two sur-
faces of the energized pumps, in and out, must have
binding constants for each selected ion close to the
inverse of concentrations of the ion in the cytoplasm
and in the sea, respectively.

B. Simple Condensation and
Energy-Transfer Reactions

Given our lack of understanding of the basic initial
organic chemistry in life, we will assume that all cells
can select the organic chemicals, L, they produce and
control their amounts. This step needs to be taken
because the next metal elements, M, for consideration
bind strongly to these organic chemicals. It is essential
that [M] and [L] are fixed. [ML] is then fixed selectively
by equilibrium. Hence, it should be taken into account
that a coded cell can limit production of an organic
chemical that binds metal ions by a feedback control to
the production center, DNA/RNA (Figure 6). In feed-
back control the production of [L] occurs when [M] is
high, but [M] itself is limited by feedback to the pumps
which stop entry at certain values. For elements in fast
exchange, e.g., Mg** and Ca™, this implies that the feed-
back control must have a binding constant close to the
inverse of the free metal concentration. This is true for
all the metal ion complexes that operate under free metal
ion control including the pumps. The equilibrated metal
ion, therefore, binds equally to all proteins that are
active: enzymes, some small molecules, the inner sites of
membrane pumps, any carrier molecules, and transcrip-
tion factors which control the production of all these
molecules either directly or ultimately. The case of Mg**
is typical. Its binding constant is close to 10°M™ to all its
sites (Figure 7), which implies that all binding sites are
roughly half-saturated because free [Mg”'] is close to

10 M. This is ideal for response to variations in [Mg**]
because a system acts most sensitively as a dynamic buffer
at half-saturation. Thus the activity of the cytoplasm of
cells is closely dependent on the value of free [Mg*'] in
the sea (10~ M). This includes all reactions of nucleotide
tri- and diphosphates (ATP)—the major energy distrib-
uting entity of cells for metabolism including pumping
and synthesis. The only available sites that can bind Mg**
because of its chemical nature (see Section VI) are O-
donor centers. None of these Mg** O-donor sites can
bind any other metal ion at the concentrations available
inside a cell, which again are limited by those in the sea.
Many of the condensation reactions of the organic syn-
theses depend on O-donor groups brought together for
synthesis with energy-giving ATP which also has only
O-donor groups and also requires activation by metal
ions. Limitations are imposed on the availability of other
elements by solubility or energized rejection (Ca®™).
Hence, it is clear that Mg”" was the only possible initial
acid catalyst for much cytoplasmic activity. The [Mg*]
concentration is actively maintained by pumps, but this
may not have been initially necessary. Pumps have to
operate to ensure 10~ M cytoplasmic Mg** against any
external concentration. It is seen that some cellular
chemistry arises from chemical (thermodynamic) neces-
sity, not from coded chance.

The corresponding necessary binding constants for
K*, Na*, and CI” in the cell are 10'M™ (K*) and >10°
M (Na* and CI") opposite their free ion concentrations
in the cytoplasm of 10" M (K*) and <10M (Na*, CI).
These binding factors also arise from the nature of the
primitive sea and not from any coded imposition. In fact
the code molecules, DNA and RINA, are still absolutely
dependent for activity upon binding constants of about
10°M™ for Mg** and 10™'M for K*.

Next the free Ca* ion levels in the cytoplasm are con-
sidered. Here outward pumping was and is essential and
reduces free [Ca™] in the cytoplasm of all cells gener-
ally to <10°M, although advanced cells have [Ca*'] at
10°*M. This means that the range of useful Ca*
equilibrated binding sites inside cells must be around
10°M™ to 10°M™". Later in eukaryotic cells, which have
a huge variety of Ca** binding proteins (Figure 8), Ca*
became the major messenger giving the cell, upon fast
Ca’* pulsed entry and exit, information about its exter-
nal world. On entry Ca** rises to 107 or 10°M and
binds to all the response proteins of about ten different
kinds. These have known binding constants of about
10’M™" and this includes the exit pump which rejects the
pulsed Ca** immediately. [Ca*] at 10”M does not
usually connect directly to DNA to give transcription;
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FIGURE 7 The general way in which Mg*" interacts in equilibrium with many sites in a cell. Note that the free Mg** concentra-
tion in the cytoplasm of all cells is close to 107M, and this is controlled by feedback and energy input at pumps (Figures | and 6).

instead it activates Mg**-dependent sensors such as
kinases, which are proteins dependent on ATP. In a
passing note none of these Ca’* selective proteins bind
Mg** with a constant >10° M so that Ca’* and Mg** do
not compete. These effective binding constants are
necessities even though the syntheses of the molecules
are coded. Note that Ca’* pumps bind Ca** reversibly
on the outside at <10’ M™ and on the inside at >10°M.
It is also found that the reversible binding of Ca** to
COj™ (carbonate) and PO}~ (phosphate) gave rise to pre-
cipitates at pH = 7 at 10° M Ca™, close to the value in
the sea.

C. Electron Transfer

When the binding constants and the availability of ele-
ments for the catalysis of the other essential reactions

of primitive cells such as reduction and energy capture
by electron flow are considered, it is seen from solubil-
ity data (Table I) that only Fe** could have been used
initially. It could not have been retained selectively by
O-donors but only by S- or N-donors of the organic
molecules available (Figure 3). The binding constants
to all those of its proteins, which are in fast exchange,
must be about 10’M™ if all are to operate together in a
controlled fashion. This limitation, built into feedback
controls, is due to the nature of Fe’* and organic ligands
of the types found in proteins.

D. Oxygen-Atom Transfer

Iron was essential for one-electron reactions Fe’" 2 Fe**
especially in a sulfur matrix. The major primitive iron
proteins are small [FeS], units. Such units cannot do
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FIGURE 8 The general way in which Ca®" can act as a messenger in eukaryotes. The initial effect is to allow Ca®* entry to increase
due to an environmental change. This input raises [Ca*"] above 107M so that it activates a multitude of cellular responses including
energy available (ATP), synthesis, and import/export of chemicals. Subsequently and rapidly the [Ca*] returns to 107 M.

another required oxidation/reduction reaction, the
transfer of oxygen (a two-electron reaction), such as M
+ RCOOH Z RCHO + MO. This reaction is catalyzed
readily at low redox potential by molybdenum and
tungsten. In primitive conditions it could only have
been that tungsten was used in two-electron, O-atom
transfer because it was the only available element with
a low two-electron oxidation-reduction potential for
such transfer. Molybdenum was precipitated as a
sulfide. It does look as if life’s system in the cytoplasm
arose as an inevitable consequence of the nature of the
primitive environment, and it was repeatable in form
but not reproducible. The basis of this assertion is that
much of the inorganic chemistry was in fast exchange
unlike the organic chemistry, which could only occur in
the presence of these elements. The use of tungsten, a
very rare element in essential reactions, was a necessity
not an accident. Free tungstate, later molybdate, is
approximately 107M in the cytoplasm of cells (see
Tables I and II).

VIIl. EVOLUTION

A. New Forms of Old Elements

There are three possible modes for the evolution of
such a chemical system. These are logistical require-
ments, independent from coding, and all three depend
upon isolating the initial cyroplasmic, partly equilibrated,
organic/inorganic system from alteration, while evolving
in other ways. The central chemistry has to be so main-
tained almost unchanged in order to keep the basic
reducing and acid/base metabolism, which generates all
the essential organic polymers common to all known
life. The first possible mode of evolution is to develop
new organic chemical pathways in the cytoplasm, but
now using irreversible chemical traps for the already
used or any other newly available elements. This is a
change of the bound not the free metallome. The devel-
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FIGURE 9 The development of porphyrin-like chelating agents to generate new variables in the cytoplasm of primitive cells.

opments of protein-independent ring chelates for iron,
cobalt, nickel, and magnesium, all related in synthesis
to uroporphyrin (Figure 9), and of the organic part of
the coenzymes for molybdenum (or tungsten or vana-
dium) are clear examples. In effect these chelates, which
do not exchange their central metal ions, are new “ele-
ments,” i.e., new independent variables in the chemical
system of cells. They avoid thermodynamic competition
with the environment or cell’s internal equilibria, as
does the cell’s organic chemistry. However, their inter-

nal concentrations are controlled by feedback like all
other cell components.

B. New Compartments

The second possible evolutionary mode is the creation of
new physical compartments, e.g., vesicles (Figure 10a),
which can have the same or different elements as the
cytoplasm but at different concentrations because they
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are independently energized and controlled (Figure
10b). For bacteria the development was the introduction
of the periplasm, a simple compartment surrounding the
cytoplasm, which is richer in the elements Na*, Ca™,
Mn**, and CI', because the periplasm was open to diffu-
sion of ions from the outside but did not allow proteins
to escape. This isolation with new external binding sites
and the gradients of ions produced novel catalytic
energy-producing and communication possibilities
which have evolved over 3 x 10” years. The rejected Mn?*
(plus Ca** and CI) produced a periplasmic facing
enzyme in the cytoplasmic bacterial membrane capable
of generating external O,, and in turn, this has enabled
all future evolution of chemicals and compartments as
seen below. Italso generated increased reducing capacity
internally. Both features were aided by the new chloro-
phyll (Mg) and electron transfer (heme iron) complexes
mainly in membranes (Figure 9). At the same time the
binding of Ca** on the outside of the cell became the basis
for the later receptor-based messages giving inward Ca**
pulses (Figure 8). There was, also later, the creation of
internal vesicles, membrane-contained space separated
from the cytoplasm. Cells containing such vesicles are
called eukaryotes.

Kinetically  controlled vesicular compartments
created the second opportunity to multiply the variables
of the system, in contrast with a phase at equilibrium
which is a restriction on a system. The compartments
could contain different organic molecules including
proteins and enzymes. In this way the new compart-
ments create new activities, the most obvious of which
is the synthesis of biological minerals such as carbon-
ate, silica, and phosphate shells. These are the basis of
many sedimentary rocks. It was the development of
such vesicle compartments that caused the explosion
of separate species in eukaryotes. The origin of vesicu-
lar compartments, separate but kinetically linked to the
cytoplasm, lies with the coming of dioxygen as a new
chemical species. Note that the equilibrium for Ca*
outside the cytoplasm, now also in vesicles where it
binds to proteins, has a binding constant of 10°M™
opposite the free (environmental) Ca’* of approximately
10 °M. The binding constant for external Mn** may
well be around 10’M™" opposite the level of the primi-
tive sea of 107M free Mn**. The production of dioxy-
gen linked to energized Mn chemistry using light made
it possible first to make the new membrane structures
found in eukaryotes and then to do much more novel
chemistry in ever extending organization. This is the
third evolutionary step.

IX. DIOXYGEN AND EVOLUTION:
SINGLE CELL EUKARYOTES

A. New Compartments and
New Communication Networks

Elsewhere we have described the slow progression of the
increase in the oxygen pressure in the atmosphere over 4
x 10" years (Figure 11), which is a new kinetic compart-
ment inside and outside cells. Its final effects are not yet
complete, but Figure 12 shows that with time different
oxidation states of elements have been introduced into
the Earth’s waters by its activity. This is seen as an
inevitable timed thermodynamic succession following
water splitting to O3 bound H by cells and produces new
kinetically controlled possibilities. The consequences for
cellular evolution, which created the oxygen in the first
place, are also inevitable: only certain new reaction paths
could be created which give new chemicals in cells, and
they had to be largely confined in the new compartments
and controlled by novel proteins. The timing of change
is unknown, but once oxygen was produced the general
direction of use of higher redox potential chemicals is
unavoidable. Note that it is mainly acid-base (Zn*") and
redox catalysis (copper, molybdenum, selenium) which
appear, while iron and manganese are reduced in avail-
ability and do not change functional value significantly in
the cytoplasm.

Subsequent to the appearance of ring chelates and the
coenzymes of molybdenum, tungsten, and vanadium,
the first step in evolution due to oxygen was the cre-
ation of a flexible outer membrane through the synthe-
sis of an oxidized squalene derivative, cholesterol.
Simultaneously, to maintain the stability of a cell, fila-
mentous internal structure was essential. Together these
changes allowed the construction of much larger cells
or eukaryotes. Once this structure appeared, new
compartments, vesicles, and organelles could be
permanently developed within the cell. The organelles,
mitochondria, and chloroplasts are, in fact, captured
prokaryote cells with their own DNA. Within the struc-
tures new reactions pathways could evolve and some
pathways in the cytoplasm could be safely dropped
because the organelles could also manage them. The
evolution of the organic chemistry should not be
stressed here, but it must be remembered that any
organization that develops as a system of compartments,
which is the general way to develop, needs a central
command unit and a communication network. The
communication network to and from the cytoplasm, to
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and from vesicles, and the external environment
together with its relationship to the central command
unit of the cell, DNA/RNA, is described next.

DNA remains the central command unit in the cyto-
plasm of all cells. Not only is it linked to the activity of
cells through proteins and the input of inorganic ele-
ments by feedback, but it is also limited by membrane
activities. To maintain activity in a systematic fashion
the command structure, DNA, receives information
from the cytoplasm by sensing its contents, and this very
sensing sends back instructions to maintain the system
by synthesis. The system also sends signals to and from
the cytoplasm and to and from the membrane to adjust
the input or output of chemical elements to or from its
contents, including those from the environment. The
major communication for the organic chemistry con-
nected to the DNA directly in primitive cells were free
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ions, the metallome, substrates, and coenzymes acting
on transcription factors, while similar chemicals acting
on receptors and pumps are the major communication
to the membrane. Here particular attention is again
drawn to the cytoplasmic network principally of the
inorganic elements hydrogen, phosphorus, sulfur,
sodium, potassium, chlorine, magnesium, and iron in
primitive cells. These must be closely involved with
protein synthesis. This network could not be greatly
changed throughout evolution because it maintains the
central cytoplasmic system including the membrane
uptake. (Much of it is derivative from the nature of the
sea, as explained above.) Thus new vesicle compart-
ments, after O, rose, clearly needed communication
modes, which would not be confusing to this network
but would connect to it, linking to the central command
of the DNA of each cell. One almost dominant new
messenger in the evolution of eukaryotes mentioned
above was the Ca™ ion, which was previously just
rejected from the prokaryote cytoplasm to the external
environment and now also into the vesicles of eukary-
otes. This gave the necessary energized large gradient
using the binding capability of pulsed Ca’* to activate
cytoplasmic systems (Figure 8). Once again this is not
the place for details, but it is now known that the new
Ca®™ message from outside the cytoplasm interacts
directly with the old phosphate messenger system in the
cytoplasm. The phosphate systems required iron for
energy transformation and magnesium to catalyze many
reactions. It is hard to see how eukaryote organization
could have arisen without the utilization of the calcium
gradient originally formed by prokaryotes as a way of
sensing. These developments needed little use of
oxygen. Note that even the earlier eukaryote cells were
informed about the environment in this way.

B. New Oxidized Elements

One of the first chemicals to be oxidized by molecular
oxygen was sulfide to sulfate (see Figure 12). Sulfur
isotope studies indicate the sulfate produced by organ-
isms appeared some 3 x 10’ years ago. Sulfate has value
like oxygen itself. Although both new components can
be introduced into organic compounds, they are also
sources of energy. Do not forget that light produced
oxygen (and then sulfate) simultaneously with reduced
carbon compounds. The new source of energy for cells
was then the reaction of the reduced organic molecules
with oxygen or sulfate. Sulfate bacteria are well-known
and are virtually anaerobes.

The element oxidized at about the same time was
molybdenum from its lower oxidation state MoS, (see
Figure 12). In solution molybdate replaced tungstate
forming Moco, and assisting O-transfer reaction, while
possibly it replaced reduced vanadium in FeMoco, the
coenzyme for nitrogen fixation. Molybdate became
established at about 107M in the cytoplasm. Subse-
quently zinc was released from sulfide and became a
major signaling element and acid-base catalyst, but it is
kept at or below 107" M as a free ion in the cytoplasm.
Other elements with new uses mainly outside cells were
selenium in the detoxification of peroxides and in assist-
ing metabolism of the most easily oxidized halide,
iodide. Todide as iodine was incorporated into tyrosine
derivatives and found value as the hormone, thyroxine.
Vanadium as vanadate, which was able to bind peroxide,
was involved in halide oxidation and halogen (bromium,
chlorine) incorporation in organic molecules, for
example, in toxins. These changes in element use in
cells, especially in their vesicles and extracellular spaces,
follow in time the succession of availabilities in the sea
which is the succession of redox potentials (Figure 12).
The sea is closely at equilibrium at a given time with a
redox potential increasing toward 0.8 V. One non-metal,
which is now oxidized toward nitrate, is nitrogen. Today
O, is above the NO73/N;, potential. Nitrate is already an
energy source and a nitrogen source for many organ-
isms, but it is dangerous in man.

Some oxidations of metal ions have been saved until
the last. The first, which took place some 2 x 107 years
ago, was the virtual removal of ferrous to be replaced
by ferric Fe** iron. Fe’* is extremely insoluble at pH =
7.0, and this oxidation is a great problem for the
required 107 M Fe’* in the cell cytoplasm. All cells have
devised intricate methods for scavenging of iron from
the environment. A second oxidation from an increase
in availability was the release of copper as Cu** from
cuprous sulfide. Copper as Cu’* was and is an extreme
poison in the cytoplasm of cells and is always main-
tained at <107 M. Its use is outside the cytoplasm.

Finally, although nickel (Ni**) and cobalt (Co®)
became more available in the sea, the substrates for their
enzymes largely disappeared, e.g., CHy4, H,, CO. Note
that plants require no cobalt and all higher life requires
very little of it as well as very little nickel.

Although all this basic chemistry is largely to be
found in the periplasm of prokaryotes (bacteria) and in
eukaryotes in their vesicles, the biggest change which
oxidation finally generated some 1 x 10’ years ago was
of multicellular animals with a new large dependence on
copper. The further developments of oxidized organic
and inorganic chemistry is therefore best described in
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more detail under the heading of multicellular eukary-
otes, although much of the new chemistry described is
common to the prokaryote periplasm and the vesicles
of single cell eukaryotes.

X. MULTICELLULAR ORGANISMS

A. Cell/Cell Organization

Further development of internal organization from
simple cells (prokaryotes) and then single cells with
internal compartments (eukaryotes) must clearly be the
introduction of novel chemistry, mainly oxidative, in
new external compartments, as cells came together. Once

cells became kept in a spatial organization they could
then have separate functions in one organism. Such a
development needed fixed external filaments and,
because communication is central to organization, mes-
sengers external to and between the cell (Figure 13).
The filament connective tissue had to be open to adjust-
ment with growth making growth signals essential.
Hence new chemistry external to a cell had to provide
the ability to make strong filaments, ways to make and
break the filaments, and new messengers for communi-
cation, hormones, and transmission factors (Figure 13).
The parallel with the earlier evolution of internal com-
partments and filaments plus new internal messengers
(Ca®) is obvious. Again the old chemical systems of the
cytoplasm could not be changed much because the basic
primitive metabolism in all cells had to be left as it was.
It is not a coincidence that the appearance of this mul-
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the use of messengers (see Figure |3 and Table V).

ticellular life coincided with a higher oxygen content of
the atmosphere and the extensive use not only of higher
oxidation states of iron (especially heme), molybdenum,
manganese, and selenium, but also the use of zinc and
copper. Zinc was released from its sulfide before copper
but, by one billion years ago, both were freely available
in the sea.

Let us consider the new filaments external to cells
(Figure 14). In order to gain rigidity they had to be
cross-linked by oxidation. At first heme iron and man-
ganese lignases, using peroxide, were employed in
plants, but use of peroxide would have been dangerous
in animals where the risk from incorrect oxidation is
greater. Because external ferrous iron was not available,
the obvious metal to use was copper, and it was found
that copper became the major oxidase for cross-linked
external filament production. Does the appearance of
copper herald the coming of animals? Use was also
made of sulfate in the sulfation of polysaccharides to
keep an open network of connective tissue. Individual
steps in the creation of this new external network and

its activity cannot be timed, but a major feature became
cell differentiation and then organ development in mul-
ticellular constructs. Zinc became the major hydrolase
center for external breakdown of filaments to allow
growth (Figure 14).

B. Cell/Cell Communication: New Messengers

It has been seen that communication was based first
inside the cytoplasm upon organic substrates and coen-
zymes and a few non-metal and metal ions such as phos-
phate, ferrous iron, and magnesium. This prokaryote
organization was augmented by the use of the calcium
gradient between outside and inside when larger cells
(eukaryotes) with inner vesicles evolved. The possibil-
ity of triggering reactions due to simple ion messen-
ger signals was then exhausted until oxidizing condi-
tions arose. Oxidation allowed two new kinds of
messenger: oxidized organic molecules such as adrena-
line, sterols, thyroxine, and amidated peptides as seen
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TABLE V. Organic Messengers Produced by Oxidation

Messenger Production Reception Destruction

NO Arginine oxidation (heme) G-protein ? Heme oxidation
Sterols Cholesterol oxidation (heme) Zn-fingers® Heme oxidation
Amidated peptides Cu oxides (Ca” release) Zn peptidases
Adrenaline Fe/Cu oxidase (Ca” release) Cu enzyme?
8-OH Tryptamine Fe/Cu oxidase (Ca* release) Cu enzyme!
Thyroxine Heme (Fe) Zn finger?®) Se enzyme
Retinoic acid peroxidase Zn finger?® ?

Retinol (vitamin A) oxidation

(*) In the nuclear receptor super family of transcriptional receptors.

in Table V. The role of copper, iron, and selenium must
not be missed both in their production and destruction.
A messenger has to be removed as soon as its effect has
been attained. An old way of making and destroying
a messenger quickly was by hydrolysis. Hydrolysis
allowed preparation of small peptides from larger units
in vesicles, but it also allowed the destruction of the
molecules from the vesicles once their message task had
been completed outside cells. It was the increased avail-
ability of zinc that allowed this activity. The two ele-
ments dominating, respectively, hydrolysis (Mg**) and
oxidation/reduction (Fe**) in the cytoplasm throughout
evolution became augmented by the two elements Zn**
for hydrolysis and Cu*/Cu** for oxidation/reduction in
vesicles, periplasm, and outside cells. The metals cobalt
and nickel almost dropped out of use in higher organ-
isms because their redox chemistry is much less valuable
in oxidative as opposed to reductive chemistry. Of
course the redox chemistry of non-metals also changed,
and now the value of selenium in peroxide chemistry
generally and opposite de-iodination developed with
the ability to use the iodinated organic hormone thy-
roxine as a messenger in animal life. In plants, molyb-
denum liberated from sulfide became valuable in
oxidation as well as in the creation of the hormone
absiscic acid from its aldehyde.

Just as the very early use of kinetically isolated new
compounds was possible in the cytoplasm of prokary-
otes, e.g., heme and chlorophyll, such a development
was now possible in eukaryotes though it could not
easily relate to oxidative chemistry. The major change
seen is of zinc in transcription factors linked to mes-
sengers such as sterols at very low free concentrations
of <107""M. It is our belief that in long-lasting cell

systems zinc acts like Mg**, but without interference
due to its high binding constants to very different
binding sites and much slower exchange. Zinc could be
said to have become an internal connector of cell
growth and development.

Thus oxidative chemistry outside the cytoplasm
added on to reductive chemistry inside the cytoplasm
was forced by the “accidental” conversion of the chem-
ical nature of sea and atmosphere by molecular oxygen.
There was no other way organization (evolution) could
arise except by utilizing novel oxidative chemistry in
new compartments.

Xl. THE NON-METAL BALANCE:
THE METABOLLOME

The handling of non-metals by organisms is more dif-
ficult to describe than that of metals for the very obvious
reason that much of the establishment of their steady
state levels is through kinetic feedback controls as seen
in Figure 6. However, they also have the common
problem of the sharing of energy and chemicals
between pathways so that different pathways must have
almost equal access to the non-metals. Thus there is a
network comparable but more extensive than those for
magnesium and calcium, for example, Figures 7 and 8.
Consider the case of phosphate in nucleotide triphosph-
ates like ATP. These coenzymes transfer phosphate
and energy in many chemical steps leading to nucleo-
tides, proteins, saccharides, and lipids. Their networks
have to communicate with one another. As a conse-
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quence binding constants for them, usually with Mg**
attached, are all close to 10° M and their concentrations,
in the locality where they are used, are also close to
107 M. The suggestion is that the non-metal concentra-
tions in certain compounds are relatively fixed. The pro-
file of these compounds is called the metabollome.

Now the other free non-metal compounds which
must be of relatively fixed concentration are the other
mobile coenzymes that distribute carbon, hydrogen,
nitrogen, and sulfur. They are among the common vita-
mins. Of especial interest here and associated with
energy distribution, much as ATP is thus associated, are
the hydrogen/electron carriers. There are two distinct
cytoplasmic networks to consider just as there were two
kinetically distinct networks for free Fe’* and iron in
heme. Here the two networks are at a potential close to
—-0.45 VNAD(H), (NADP(H)) and at around 0.0V, glu-
tathione. Note that the running of these two Hf(e)
carriers about 0.5V apart is close to the running of the
two primitive prebiotic non-metal reactants, the Hy/H*
and the H,S/S, redox couples. It was these elementary
couples and then the corresponding coenzymes that
supplied the initial feedstock of cellular life. These
coenzyme pods connect not just to an energy supply but
also to the distribution of hydrogen. They are all held
close to millimolar in concentration in the cytoplasm of
all active cells.

It would appear that the feedstock of non-metals
from the environment may be variable, unlike that of
metals, but for certain components of the non-metal
system there is a fixed profile. This profile is the most
intriguing part of the metabollome. Again this is sug-
gestive of a selective quantitative requirement for a
chemical system of reactions on which a code was super-
imposed to make reproductive organisms. Maybe the
metaphoric original “watchmaker” of Dawkins was
blind in some sense, but he must have had some other
chemical sense which drove the beginnings and even
evolution as if in a tunnel.

Once the code was in place and the cytoplasmic activ-
ity established for all time, new chemistry of the non-
metals appeared in the vesicles. Examples are the
handling and use of sulfate in connective tissue, of
the dinitrification processes for nitrate metabolism in
the periplasm, peroxide chemistry in defense mecha-
nisms inside cells, the oxidation of halides to create a
range of halogenated organic molecules in vesicles, and
the development of organic messengers (Table V). How
did these changes (see Figure 10) drive evolution? Are
there ways by which geological changes interact more
directly with the genetic apparatus than through blind
mutation of the whole genome? All novel chemicals are

poisons, but they affect localized genes more than
others. Do these genes mutate most rapidly to give rise
to useful novel chemical features?

XIl. THE NEwW COMMAND
CENTER: THE BRAIN

Once a muldcellular structure and then organs
appeared, increasing the size of organisms enormously,
there were more problems than just producing extra-
cellular matrices and their management and a message
system between cells. With gross differentiation there
was the logistical need to evolve a central organization
of the parts, which were now organs. This need was the
greatest in animals, which are scavengers rather than
synthesizers such as are plants. Strikingly, the answer
found was the brain as an organ. Initially there was
development from a new physical type of compartment
or cell, a nerve, which grew as a fast communicating
compartment linking, in long cylindrical structures
(Figure 15), one set of organs to another. The message
system pressed into service in this construct was the
Na'/K" current. Although it utilizes a new Na'/K*
ATPase pump, this message system is derived directly
from the required rejection of Na" and CI” by primitive
cells. However, Na”/K'/Cl" flows are not a complete
answer because when these ions cross membranes they
produce electric potential switches but no chemical
trace as they bind so poorly. The solution found was to
connect the potential switch to a calcium message and
the calcium message to a release of new organic chem-
ical messenger molecules at nerve cell junctions. Note
that the use of Na*, K*, and CI" to bring about fast elec-
tric potential switches of Ca** over long distances is the
only possible mechanism open to cell systems. Cells
cannot use electronic circuits. The new command
center, the brain, is baced upon a coordinated set of such
nerve cells.

It did not matter that this new command center, the
brain, relies on DNA genes for its basic units, proteins.
After its creation an animal was no longer dominated by
genes but by the interaction with the environment. In
fact because it can sense the environment, the machin-
ery of the brain is capable of responding to control it.
The further appearance of organization outside the
most complex biological organism is seen in man’s
society and his industry, which can capitalize on the
whole 92 elements of the periodic table in new external
compartments using new reducing conditions to
produce metals in what is the logical conclusion to evo-
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FIGURE 15 A nerve cell in schematic representation.

lution on Earth. The metals have new functional value
in electronics. Further advances of materials allow the
use of light as a messenger. Clearly the computer
becomes the next new electronic command center. All
these are but logical developments of organization.
However, while rejoicing in this end product of chem-
ical evolution, it must be remembered that the cyto-
plasm of all cells is a remnant of the primitive
environment and cannot tolerate many of the new
chemicals man can generate. The chemical system
called living is robust but it needs protection. Many new
protective devices have been introduced during the
course of evolution, but there is no space to discuss
them here. Note, however, that rare elements—plat-
inum, gold, mercury, and bismuth—never used by cells
become, in man’s hands, the basis of medicines, though
they are, in fact, poisons.

XIll. SURVIVAL: ECOLOGY AND SYMBIOSIS

Now we have dealt with the progression of compart-
ments from single cell prokaryotes, to single cell
eukaryotes, to multicell organisms, to organisms with
organs and brains. We must pause now to ask if these
systems are in competition, or are they really a natural
way for cooperation to evolve in which one kind of cell
system is best for one kind of task, with the ultimate
objective of maximal use of the environmental chemi-
cals in an overall ecosystem. In such an ecosystem
symbiosis reigns supreme. Can we look at these
developments of the chemistry and physics of cells
(Figure 16) and see them as an inevitable progression,
dependent on the changes of environmental chemistry
and the logistics of organization? Maybe there was no
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FIGURE 16 The simultaneous sequence of the evolution of Earth and life.

way to evolve novelty from an organic chemical cell
except to utilize the possible oxidative chemistry and
increase in compartments. However, there is a problem
of the economy of such a system. The ability of one
organism to evolve in an environment becomes increas-
ingly difficult the more complicated the chemistry and
physical constructs it uses, because it must keep all that
came before and all that is new in harmony. Intrinsically

a prokaryote is a better simple synthesis unit and a
better stripped-down energy transducer than a eukary-
ote, and in turn better than a multicellular organism,
because it does little else except synthesize. A eukaryote
is a better consumer, even of prokaryotes, and has
greater potential. Moreover, the eukaryote has a longer
lifetime and needs greater protection. It follows that
cooperative life-forms will have a greater survival
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chance than competitive styles, and this is seen in the
successive development of symbiosis and of ecosystems.
We see prokaryotes (organelles) in all eukaryotes and a
gross dependence of eukaryotes on prokaryotes for N,
fixation. Man as the last product (thus far) of evolution
is not able to synthesize many of the basic requirements
of the cytoplasm and requires essential amino acids,
fats, coenzymes (vitamins), and saccharides from lower
organisms. All minerals are collected by plants for
animals. This again is a logical outcome of cooperative
organization, not of competition. In the context of this
chapter lies the requirement for the supply of twenty
essential elements, and while we may concentrate upon
the dependence of one phyla upon another for their
supply, we must not miss the dependence of the bio-
logical ecosystem upon the geosphere. The environ-
ment is not separable from the overall chemical systems
of life and its evolution.

XIV. CONCLUSION

The central theme of this chapter is that the primitive
sea greatly influenced the way the chemical elements
could be used by a chemical system which became prim-
itive life (Figure 5). We consider that the profile of free
elements in that sea self-generated a chemical system of
reactions that became the one we see in the cytoplasm
of all cells even today. Hence, fundamental to life before
there was a code was an organized set of reactions that
can be characterized by the profile of its free ion
exchanging inorganic content—its cytoplasmic free
metallome and metabollome. Metallomes and metabol-
lomes, free and bound, have evolved largely due to new
compartments and in oxidative possibilities. The way in
which this was done is then the major story of cell evo-
lution even though it relied on codes and cooperation
to secure survival. The appearance of species is a deco-
ration on this logical progression. The final twist is the
turn around to extreme reductive chemistry which has
allowed man to evolve in the new industrial world
around us.

SEE ALSO THE FOLLOWING CHAPTERS

Chapter 5 (Uptake of Elements from a Biological Point
of View) - Chapter 6 (Biological Functions of the
Elements)
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The utilization of an element in biology is intimately
dependent on its uptake into the living organism. A lot
is known of the qualitative aspects of uptake; for
example, common sense tells us that what originates in
the geological background has to be transported
through the soils and presented to plants in a conven-
ient form for uptake. These processes are affected by
physicochemical factors due to Nature itself and the
increasing pressures from human activities.

From a biologist’s perspective, the uptake process is
extremely fascinating. Current knowledge tells us that
organisms need about 20 of the naturally occurring ele-
ments found in the periodic table. Over the course of
evolution, mechanisms have developed for the uptake
and utilization of elements in organisms that are more
or less specific for each. Additionally, those elements
that are not essential or even detrimental to the organ-
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ism are excluded, usually in an efficient manner. This
chapter deals with the general aspects of element uptake
as well as principles of exclusion. In addition, examples
will be given pertaining to some major, minor, and trace
elements collectively described as essential. This
chapter begins with a discussion of the periodic table
and what is meant by essentiality.

|. ESSENTIALITY OF ELEMENTS

A usually ignored fact in biology is that explanations for
the behavior of elements can be found in the periodic
table itself. Among the elements known to be involved
in biology, 11 appear to be approximately constant and
predominant in all biological systems. The human body
is comprised of about 99.9% of the 11 elements, but
surprisingly only 4 of them—hydrogen, carbon, nitro-
gen, and oxygen—account for 99% of the total. These
4 elements, the major elements, comprise the bulk of
living organisms. In addition to these elements, there
are the minor elements—sodium, magnesium, phos-
phorus, sulfur, chlorine, potassium, and calcium (also
called electrolytes). The minor elements appear in much
lower concentration than major elements. One group
of elements has still to be defined: the trace elements.

Copyright © 2005, Elsevier Inc.
All rights reserved.
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From an analytical chemistry standpoint, trace elements
would be described as elements appearing in low con-
centrations in living systems (ie., <100mg/kg). In
biology, however, trace elements would be defined by
exclusion; for example, a biological approach begins by
excluding the major elements as well as the minor ele-
ments. Furthermore, group 18 elements (the noble
gases) are excluded due to their disinclination for chem-
ical reactions, a property that makes these elements less
likely to be a factor in biological functions. Depending
on how many elements are considered naturally occur-
ring, the trace elements thus constitute the remainder
of the periodic table (i.e., 73 or 75 elements). Most of
the elements of the periodic table, then, are trace
elements in the eyes of a biologist. Surprisingly, this
exclusion definition coincides closely with the one
of analytical chemistry. Most of the trace elements ap-
pear in biology at concentrations below or well below
100 mg/kg.

Essentiality is usually defined in an operational way,
based on early protein chemistry. More stringent crite-
ria have evolved as our knowledge has improved. A trace
element can be considered essential if it meets the fol-
lowing criteria: (1) it is present in all healthy tissues of
all living things, (2) its concentration from one animal
to the next is fairly constant, (3) its withdrawal from the
systems induces reproducibly the same physiological
and structural abnormalities regardless of the species
studied, (4) its addition either reverses or prevents these
abnormalities, (5) the abnormalities induced by defi-
ciencies are always accompanied by specific biochemi-
cal changes, and (6) these biological changes can be
prevented or cured when the deficiency is prevented or
cured. It is obvious that the number of elements recog-
nized as essential depends on the sophistication of
experimental procedures and that proof of essentiality
is technically easier for those elements that occur in
reasonably high concentrations than for those with very
low requirements and concentrations. Thus, it can be
expected that, with further improvement of our exper-
imental techniques, additional elements may be deemed
essential.

These six criteria might appear to be too stringent,
and in some cases they must be modified. Most of the
trace elements essential to both plants and animals are
found in the first row of the transition (redox) metals.
Zinc is not included in the transition metals, and it does
not take part in redox reactions, which is an important
property in biology; however, zinc is a good Lewis acid.
All of the bulk elements are non-metals. The minor
elements include metals as well as non-metals, with only
one oxidation state available. Metals are the dominant

components of the essential trace elements, but some
very important trace elements are non-metals, such as
selenium and iodine. Boron and silicon are non-redox
non-metals, and both of them are acknowledged as
being essential. Boron, in fact, has been shown to be
essential to plants, although it is found in appreciable
concentrations in animals as well. The functions of
these elements will be discussed in greater detail in

Chapter 6.

II. GENERAL ASPECTS
OF ELEMENT UPTAKE

The uptake of elements is a process that may vary con-
siderably depending on the complexity of the living
system being considered. Unicellular organisms
account for the simplest processes, but in complex
organisms several aspects of the uptake process must be
considered. In humans, for example, the primary uptake
process takes place in the gastrointestinal tract, pre-
dominantly in the duodenum and first part of the
jejunum. Elements taken up have to be transported
across the mucosal cells of the intestines to reach the
bloodstream, from which they are transported to the
liver, where the elements are isolated and delivered into
the main bloodstream. After being transported to the
organs that will utilize them, these elements must then
enter the cells of these organs. If the final target is not
found inside the cell, then further transport across addi-
tional membranes may be required. Let us review the
general principles of transport across cell membranes.
A cell or an organelle cannot be entirely open or
entirely closed to its surroundings. Although the cell
interior must be protected from certain toxic com-
pounds, metabolites must be taken in and waste prod-
ucts removed. Because the cell must contend with
thousands of substances, it is not surprising that much
of the complex structure of membranes is devoted to the
regulation of transport.

I[Il. THE THERMODYNAMICS
OF TRANSPORT

Before considering specific mechanisms of transport, it
is useful to review some general ideas. The free energy
change, AG, for transporting one mole of a substance
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from one place with concentration C; to another place
with concentration C, is

AG=RTIn &L (1)
C,

where R is the gas constant and 7 the temperature.
According to Eq. (1), if C; is less than C), then AG is
negative and the process is thermodynamically favor-
able. When more substance is transferred (between two
finite compartments), C, decreases and C, increases,
until C, = C;. Now, the system is at equilibrium, and AG
= 0. This equilibrium is the ultimate state approached
by transport across any membrane. The concentration
of any substance traversing the membrane will end
up the same on both sides. In kinetic terms, if the
molecules enter the membrane randomly, the number
entering from each side will be proportional to the con-
centration on that side. Once the concentrations are
equal, the rates of transport in the two directions will
be the same; consequently, no net transport occurs. This
equalization can be sidestepped under three conditions,
each of which is important in the behavior of
membranes.

A substance may be bound by macromolecules
restricted to one side of the membrane. It could also be
chemically modified once it has crossed the membrane.
Compound M could be more concentrated inside a cell
than outside, but much of M could be bound to cellu-
lar macromolecules or could have been modified. This
part of M is not included in Eq. (1), which only deals
with the free M, implying, then, that the concentration
would be equal on both sides at equilibrium. We can
use oxygen in red blood cells to illustrate this principle.
Measurements would indicate that the total concentra-
tion of molecular oxygen is lower in the blood plasma
than in the red cells. Included in the total concentration
of the red cells, however, is the portion bound to hemo-
globin. The concentration of free dioxygen is still the
same in the red cells and plasma at equilibrium.

A membrane is often characterized by an electrical
potential governing ion distribution. The well-known
principle saying that equal charges repel each other and
unequal charges attract each other may now be used to
show a simple example. The negatively charged inside
of a cell tends to attract cations and to drive out anions.
Mathematically, the free energy change for transport
over a membrane is

AG = RTln%+ ZFAY Q)

2

where Z is the charge of the ion, F is the Faraday con-
stant (96,485 mol' V) and AW is the transmembrane
electric potential (in V). If Z is positive and AY nega-
tive (with the inside negative relative to the outside),
transport of cations into the cell is favored. The
concentration difference of ions across the membrane
in most cells is kept at more than ten times, implying
that active transport is a major energy-requiring process
in biology.

Usually Eq. 1 does not reflect the real situation well
enough and must be modified accordingly:

AG=RTan+AG’ 3)
G,
where AG” may correspond to a thermodynamically
favored reaction. Adenosine triphosphate (ATDP)
hydrolysis coupled to the transport might be such a
situation. Equation (3) is clearly a generalization of Eq.
(2) that now allows a variety of processes to participate
in the transport.

Equations (2) and (3) convey the message that trans-
port across membranes (in and out of cells) can take
place against unfavorable concentration gradients. The
sodium—potassium pump provides continuous import of
potassium and export of sodium, thereby maintaining
the concentration difference between inside and
outside. Following is a review of the mechanisms by
which substances are passed through membranes.

A. Passive Transport: Diffusion

Passive transport or passive diffusion occurs due to the
random walk of molecules through membranes. The
process is the same as the Brownian motion of mole-
cules in any fluid and is called mzolecular diffusion. During
passive transport, the diffusing substance ultimately
reaches the same free concentration inside and
outside the membrane. The net rate of transport, 7
(molecm™s™), is proportional to the concentration
difference (C, — C)) over the membrane:

KD\(C,-C))
/

where / is the thickness of the membrane, D; is the dif-
fusion coefficient of the diffusing substance in the mem-
brane, and K is the partition coefficient for the diffusing
material between lipid and water (the ratio of solubili-
ties of the material in lipid and water). For ions and
other hydrophilic substances, K is a very small number.
Diffusion of such substances through lipid membranes
is thus extremely slow. In agreement with Eq. (1), Eq.

7=- @
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TABLE I. Permeability Coefficients from Some lons
and Molecules Through Membranes

P (cms™) Membrane Phosphatidylserine Human Erythrocyte
K* <9x 107" 24 % 107"°

Na* <l.6x 10" 10°'°

CI- 1.5 x 107" 1.4 x 10
Glucose 4x 107" 2x 107

Water 5x 107 5x 107

* Facilitated transport. Note that whenever facilitated transport is
encountered, the permeability coefficient rises dramatically.

(4) says that net transport stops when C, = C;. If €} and
C, are expressed in molem™ and / in centimeters, then
D, has the dimension cm?s™'. Note that D; is not the
same as the diffusion coefficient (D) that the same mol-
ecule would have in aqueous solution. D; depends not
only on the size and shape of the molecule but also on
the viscosity of the membrane lipid.

K, D,, or the exact thickness of the membranes
involved are not usually known, so the rate of passive
transport is often described in terms of the permeabil-
ity coefficient, P, which can be measured by direct
experiment:

]:—P(Cz _Cl) (5)

By comparing Eqgs. (5) and (4), we see that P is expressed
by:
_KDy

P
/

(6)
with the dimensions cms™.

Table I shows the permeability coefficients for a
number of small molecules and ions in membranes. The
low P values of the ions are expected, because ions, as
already mentioned, have low values of K; however, the
relatively large permeability value for water is conspicu-
ous. Biological membranesare not, in fact, very good bar-
riers against water, the reasons of which are not entirely
clear, but they have the obvious advantage of allowing the
ready exchange of water with their surroundings.

B. Facilitated Transport: Accelerated Diffusion

The functional and metabolic needs of cells often
require transport that is more efficient than passive
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FIGURE 1 (A) Facilitated transport by pores. (B) Facilitated
transport by carrier molecules.

diffusion. The adequate handling of catabolically pro-
duced CO; is coupled to the red blood cell exchange of
HCO;™ and CI". In respiring tissues, CO, enters the red
cell and is converted to HCO;™ by carbonic anhydrase,
an enzyme that is zinc dependent. HCO;™ leaves the red
cell, and CI” enters. The HCOjs™ is transported to the
lungs in the plasma where it enters the red cell, and CI
is driven out. Inside the red cell, HCO;™ is again con-
verted to CO, by carbonic anhydrase, leaves the cell,
and is exhaled. The permeability coefficients for Cl™ and
HCOj5™ in red cell membranes are about 10*cms™, or
about 10 million times greater than the permeability
coefficients for such ions in pure lipid bilayers such as
the artificial phosphatidylserine membrane described in
Table I. Some special mechanism, then, is required to
account for this difference. Two general types of facili-
tated transport, or facilitated diffusion, are known. One
type, which is responsible for the rapid transport of
Cl" and HCOj;™ through red cell membranes, involves
pores formed by transmembrane proteins (Figure 1A).
The other type is mediated by transmembrane carrier
molecules (Figure 1B).



Uptake oF ELEMENTS FrOM A Brorogicar PoiNT oF View 91

Pore-facilitated transport is an important process. An
example is the band 3 integral protein that exists as a
dimer in the red cell membrane and serves as an anion
channel that exchanges CI" and HCO;™. This protein
probably spans the membrane 12 times. Exit of the
HCOy" is balanced by an influx of CI, which means
that, in the absence of Cl” ions, the transport of HCO;~
stops. The band 3 protein does not simply form a hole
in the membrane for the passage of ions; rather, the
pore is very selective and exchanges HCO;™ and Cl” on
a 1:1 basis. Such facilitated transport, however, is not
necessary for O, or CO,. These small, nonpolar mole-
cules are allowed to move rapidly through the mem-
brane by passive diffusion.

A common example of carrier-facilitated transport is
the antibiotic valinomycin (from Szrepromyces), which is
a polymer with an approximately spherical shape. Its
outer layer has numerous methyl groups; thus it is
hydrophobic. Inside the sphere are collections of nitro-
gen and oxygen that can bind (chelate) a potassium ion.
This structure, however, cannot chelate other cations,
so it is specific for potassium. Due to its hydrophobic
exterior, valinomycin easily passes through a membrane,
in contrast to the ion itself. In mathematical terms, the
valinomycin increases the factor K in Eq. (6).

The measurable difference between passive and facil-
itated diffusion is, of course, the transport rate. Another
measure is the phenomenon of saturation, which is a
characteristic feature of facilitated transport. There is a
finite number of carriers or pores in a membrane, and
each of them can handle only one ion at a time. Satu-
ration will occur when all carriers are occupied (Figure
2). Equations (4) and (5) imply that the rate of passive
diffusion increases linearly with the concentration
difference because there are no sites to saturate. The
carrier-facilitated transport can be described by:

po = VoISl

=Ko +[5] @)

out

Equation (7) looks familiar and, with some knowledge
of enzyme kinetics, it is recognized as being similar to
the Michaelis-Menten equation. V), represents the
initial rate of transport into the membrane at an exter-
nal concentration of [S]ou. Vinax 18 the maximum trans-
port rate of the substrate, and K, is analogous to the
Michaelis constant K,,. This means that K, is the
substrate concentration when the transporter is half-
saturated. The transport rate approaches the maximum
value at a high substrate concentration. In Figure 2, the
straight line illustrates passive diffusion with, theoreti-
cally, no saturation.
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FIGURE 2 Facilitated and passive transport.

It still has to be remembered that passive and facili-
tated transport are diffusion processes, and as such they
do not require energy. Pores are more effective because
they offer open gates. Carriers increase the solubility in
membranes by offering a hydrophobic outer surface.
Irrespective of the kind of diffusion transport, the final
free concentration on both sides of the membrane will
be equal at equilibrium.

C. Three General Classes of Transport

With regard to transport across membranes, three dif-
ferent types have been identified, all of which depend
on the number of substances and the direction in which
each is transported. When only one substrate is trans-
ported, it is referred to as a uniport transport process—for
example, the transport of glucose into red blood cells.
The band 3 protein (the anion-exchange protein) is an
example of an antiport process, in which one ion is trans-
ported out of and another into the cell. Symport is the
transfer of two substrates in the same direction. Glucose
and certain amino acids are transported via symport
with Na". In this case, use is made of the gradient caused
by the Na*, K*-ATPase in the plasma membrane. Figure
3 illustrates these general classes of transport. This
characterization, however, takes into account only the
direction of transport and does not show whether or not
energy is required.
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FIGURE 3 The three general classes of transport systems
differ in the number of substrates transported and the direction
in which each is transported. In uniport systems, only one sub-
strate is transported. Symport and antiport systems are charac-
terized by the transport of two substrates in the same and in
opposite directions, respectively.

D. Active Transport: Transport Against a
Concentration Gradient

In many situations, transport must be carried out even
against concentration gradients. This requires a type of
transport other than facilitated or passive diffusion. A
calcium ion ratio of 30,000 must be maintained across
membranes of the sarcoplasmic reticulum in muscle
fibers. Using Eq. (1), such a ratio corresponds to AG =
25.6kJmol™, which indicates an insurmountable
impediment. An active transport is necessary in such a
scenario, but such a process is thermodynamically unfa-
vorable and can only take place when coupled to a ther-
modynamically favorable process, such as absorption of
light, an oxidation reaction, the breakdown of ATP, or
an accompanying flow of some other chemical species
down its electrochemical gradient. We can differentiate
between primary and secondary active transport (Figure 4).
In the former process, accumulation is coupled directly
to a thermodynamically favorable chemical reaction,
such as the conversion of ATP to ADP + P,. When
uphill transport of one solute is coupled to the down-
hill flow of a different solute that has originally been
transported uphill by primary active transport, the
process is secondary active transport.

The energy required to export one Ca** ion from the
inside of the cell is 9.1k]J. The energetic cost of moving
an ion depends on the electrochemical potential or the
sum of the chemical and electrical gradients (see, for
example, Eq. (2)). Most cells maintain more than
tenfold differences in ion concentrations across their
plasma or intracellular membranes; therefore, for many

X
FIGURE 4 Active transport. In primary active transport
(left), the energy released by ATP hydrolysis drives solute trans-
port against an electrochemical gradient. In secondary active
transport (right), a gradient of ion X (often Na’) has been
secured by primary active transport. Transport of X down its
electrochemical gradient accordingly provides the energy to
drive cotransport of a second solute (S) against its electro-
chemical gradient.

cells and tissues active transport is a major energy-
consuming process.

E. Types of Transport ATPases

The four known types of ATPases are P-type, V-type,
F-type, and multidrug transporter. The last type will
not be dealt with in this chapter because it is not
involved in the transport of elements. P-type ATPases
are the most versatile, at least from an elemental point
of view. They all transport cations and are reversibly
phosphorylated by ATP in the transport cycle. They are
all integral proteins with multiple membrane-spanning
regions, although they are only single polypeptides.
"This type of transporter is very widely distributed. The
Na*, K*-ATPase, an antiporter for Na* and K*, and the
Ca’*-ATPase, a uniporter for Ca’", are ubiquitous, well-
understood P-type ATPases in animal tissues. They
maintain disequilibrium in the ionic composition
between the cytosol and the extracellular media. P-type
ATPases are responsible for pumping H* and K* over
the plasma membrane in parietal cells lining the mam-
malian stomach, thereby acidifying the contents. Bacte-
ria use P-type ATPases to export toxic metal ions such
as Cu**, Cd**, and Hg"". Table II provides a summary of
the properties of the transport AT Pases.

V-type ATPases act as proton pumps and are not
structurally similar to the F-type ATPases. The name
V-type derives from their role of keeping the pH of
vacuoles of fungi and higher plants at 3 to 6. In addi-



TABLE Il. Four Classes of ATPases
P-type ATPases Organism or Tissue Type of Membrane
Na*, K* Animal tissues Plasma
HY, K+ Acid-secreting Plasma
(parietal) cells
of mammals
H* Fungi (Neurospora) Plasma
H* Higher plants Plasma
Ca** Animal tissues Plasma
Ca* Myocytes of Sarcoplasmic reticulum
animals (ER)
Cd*, Hg*, Bacteria Plasma
Cu2+
V-type ATPases
H* Animals Lysosomal, endosomal,
secretory vesicles
H* Higher plants Vacuolar
H* Fungi Vacuolar
F-type ATPases
H* Eukaryotes Inner mitochondrial
H* Higher plants Thylakoid
H* Prokaryotes Plasma

tion to acidification of vacuoles, the same occurs for
lysosomes, endosomes, the Golgi complex, and secre-
tory vesicles in animal cells. The complex structures of
V-type ATPases are similar throughout the family and
possess an integral transmembrane domain that com-
prises the proton channel and a peripheral domain con-
taining the ATP-binding site and the AT Pase activity.

The F-type ATPase is so called because it has been
identified as an energy-coupling factor. F-type AT Pases
catalyze uphill as well as downhill transport of protons.
The wuphill process is propelled by ATP hydrolysis,
whereas the downhill reaction drives ATP synthesis. In
this case, we may call them ATP synthases rather than
ATPases. The F-type ATPases are multi-subunit com-
plexes. They provide a transmembrane pore for protons
and a molecular machine using the energy release by
downhill proton flow to form the phosphoanhydride
bonds of ATP.
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Membrane potential =
50-70mV

[K*] = 140mM
_ [Na] =12mM

[K*] = 4mM
[Na] = 145mM

FIGURE 5 Inanimal cells, this active transport system is pri-
marily responsible for establishing and maintaining the intracel-
lular concentrations of Na" and K" and for generating the
transmembrane electrical potential.

E. Ton Pumps

Anyone having been in the slightest contact with bio-
chemistry or physiology has not been able to avoid the
sodium-potassium pump (Figure 5). This remarkable
ion pump maintains concentration gradients for sodium
from the inside of cells to the outside of 12 and 145 mM,
respectively. At the same time, the concentration of
potassium is kept at 140 mM intracellularly, in contrast
to 4mM outside. This situation pertains to almost all
animal cells and would not be possible to maintain based
solely on passive diffusion. The motor of this pump is
the Na*, K*-ATPase that couples ATP breakdown to the
concomitant movement of both Na" and K" against
their electrochemical gradients.

The sodium—potassium pump transports two K* ions
into the cell and exports three Na" ions at the cost of
one molecule of ATP converted into ADP and P;. Na*,
K*-ATPase is an integral protein comprised of two
subunits of approximate molecular weight 50,000 and
110,000, both of which span the membrane. This trans-
porter is a P-type ATPase. The mechanism seems
simple; however, the import of two potassium ions and
the simultaneous export of three sodium ions are still
not fully understood. It is generally assumed, though,
that the ATPase cycles between two forms, one of which
is phosphorylated with a high affinity for K* and a low
affinity for Na*, as well as one that is dephosphorylated
with a high affinity for Na* and low affinity for K*. The
breakdown of ATP to ADP and P; by hydrolysis takes
place in two steps catalyzed by the enzyme: formation
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of the phosphoenzyme and hydrolysis of the phospho-

enzyme with the overall net reaction:
ATP+H,0 - ADP+P,

In this way, energy is supplied to cover the expenditure
of the pump.

Calculating the cost of exporting three moles of
sodium from 12 to 145mM at 37°C, we arrive at 39.5
kJ. Correspondingly, the cost of importing two moles
of potassium is 4.8kJ. The net energy necessary to
perform the transport is 44.3 kJ. Hydrolyzing one mole
of ATP under physiological conditions to ADP gives 31
kJ. According to this calculation, more than 44kJ is
required for the transport, which does not seem rea-
sonable. The trick is that in most cells the concentra-
tion of ATP is much higher than the concentrations of
ADP and P;. The energy available in real life is thus
enough to pay for the transport.

Free calcium ions in cytosol are usually kept at a con-
centration of about 100nM, which is far below what is
found outside cells; thus, it is a significant finding that
the total concentration of calcium in cells is much
higher. One reason is that inorganic phosphates such as
P, and PP, occur at millimolar concentrations. The con-
centration of free calcium ions must be kept low because
inorganic phosphates readily combine with calcium, and
relatively insoluble calcium phosphate precipitates will
form. Maintaining the concentration of free calcium
ions requires effective pumping out of the cytosol. This
is accomplished by a P-type ATPase, which is the
plasma membrane Ca® pump. Another calcium ion
pump of the P-type resides in the endoplasmic reticu-
lum (ER) and moves Ca** into the ER lumen, which is
separated from the cytosol. In myocytes (muscle cells),
Ca’ is usually sequestered in a specialized form of ER
called the sarcoplasmic reticulum. These pumps are
closely related in structure and mechanism and are col-
lectively called sarcoplasmic and endoplasmic veticulum
calcium (SERCA) pumps. In contrast to the plasma
membrane Ca** pump, the SERCA pumps are inhibited
by the tumor-promoting agent thapsigargin.

These different pumps—the plasma membrane Ca**
pump and SERCA pumps—share similarities in that
both are integral proteins cycling between two confor-
mations in a mechanism not very different from that for
Na*, K"-ATPase. The calcium-ion pump of the sar-
coplasmic reticulum has been thoroughly characterized
and has been identified as a prototype for Ca’** pumps
of the P-type. It is built from a single polypeptide (M
~ 100,000) spanning the membrane ten times. In a
large cytosolic domain, there is a site for ATP binding,
as well as an Asp residue undergoing reversible phos-

phorylation by ATP. This process favors a conformation
with a high-affinity Ca**-binding site exposed at the
cytosolic side, and the opposite process, dephosphory-
lation, favors a conformation with a low-affinity Ca®-
binding site at the luminal side. One consequence of
these cyclic changes of conformation is that the trans-
porter binds Ca’ on the side of the membrane where
the calcium ion concentration is low and releases it on
the side where the concentration is high. The energy
released by hydrolysis of ATP to ADP and P; during one
cycle of phosphorylation and dephosphorylation drives
Ca’ across the membrane against the steep electro-
chemical gradient.

IV. UPTAKE AND REGULATION OF IRON

Iron is vital for all living organisms because it is essen-
tial for many metabolic processes, the most well known
being oxygen transport; however, further examples
include DNA synthesis and electron transport.
Although iron is abundant in nature, the metal is most
commonly found as the virtually insoluble Fe’* hydrox-
ide Fe(OH);. Thus, iron-uptake systems require
strategies to solubilize Fe’*. Many organisms use
siderophores (low-molecular-weight molecules secreted
by bacteria, some fungi, and plants), which can solubi-
lize Fe** for uptake by siderophore-specific transport
systems. Genetic and biochemical evidence has demon-
strated the presence of multiple pathways for iron
uptake by eukaryotic cells. In mammals, changes in iron
absorption are the major control point for altering the
iron content of the body and of individual cells.

The intestine is the major site of iron regulation with
regard to controlling the uptake of dietary iron across
the brush border and the release of absorbed iron across
the basolateral membrane to the circulation. Cells
responsive to iron uptake are born in the crypt of
Lieberkiithn, located in the duodenum and jejunum.
These cells differentiate and move toward the absorp-
tive surface of the villus, where they are referred to as
enterocytes. Gradually, mature enterocytes move toward
the tip of the villus and are sloughed into the intestinal
lumen (Figure 6).

In the intestinal lumen, iron exists in the forms of
ferrous (Fe?*) and ferric (Fe**) iron salts. Because ferric
iron becomes insoluble at pH values above 3, ferric ions
must be reduced or chelated by amino acids or sugars
to be efficiently absorbed. Most ferrous iron remains
soluble even at pH 7, so absorption of ferrous iron salts
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FIGURE 6 lIron is taken up into the enterocytes of the prox-
imal small intestine from both the diet and blood plasma. The
enterocytes are born in the crypts of Lieberkiihn and move
toward the villous tip to be discarded into the intestinal lumen
at the end of a 2- to 3-day life span. (Adapted from Conrad and
Umbreit, 2000.)

is more efficient than absorption of ferric iron salts;
however, most dietary inorganic iron is in the form of
ferric iron. In most industrialized countries, two-thirds
of the iron in the diet is present as ferric iron and
one-third as heme iron (Carpenter & Mahorey, 1992).
Reduction of ferric irons becomes necessary for efficient
dietary iron absorption and is mediated by a mucosal
ferrireductase that is present in the intestines. Inhibi-
tion of ferrireductase activity in intestinal cells reduces
iron absorption, which demonstrates the importance of
ferric iron reduction in dietary iron import. Alterna-
tively, uptake of ferric irons might be mediated by the
paraferritin pathway, though less efficiently. In addition
to ferrireductase activity, the presence of dietary ascor-
bate provides a reduction of ferric iron to ferrous,
whereby absorption is enhanced. Figure 7 illustrates the
intestinal absorption and balance of iron.

A. Non-Heme Iron Uptake

Absorption of both heme and non-heme iron occurs
predominantly in the crypt cells of the duodenum and
jejunum (Wood & Han, 1998). Enterocytes, the spe-
cialized cells located on the intestinal villus, control the
passage of dietary iron in the lumen of the intestine and
the transfer of iron into the circulation of the body. To
enter the circulation, dietary iron has to cross three
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FIGURE 7 Pathways of heme and non-heme uptake of iron
and transport in the intestine. The majority of the dietary ferric
iron is reduced to ferrous iron or solubilized by mucin, ascorbic
acid, or other reducing agents. The ferric iron in the lumen of
the intestine is reduced by ferrireductase or in the cytoplasm by
monooxygenase. An iron transporter, Nramp2, situated at the
apical cell surface, transports most of the ferrous iron into the
enterocyte. Yet another pathway for ferric and ferrous iron into
the cell is the paraferritin complex, comprised of  integrin,
mobilferrin, and flavin monooxygenase. Heme is taken up in the
enterocytes as an intact metalloporphyrin (H). The uptake
process is probably mediated by endocytosis. In the cytoplasm,
heme is degraded by heme oxidase to release its inorganic iron.
Two possibilities exist for the intracellular iron; either it is stored
in ferritin or it is transported over the basolateral membrane by
ferroportin | into plasma. Iron export seems to be facilitated by
hephaestin concomitant with ferroportin |. Ferroportin | could
also load iron onto transferrin assisted by the plasma ferroxi-
dase, ceruloplasmin. (Adapted from Lieu et al., 2001.)

Plasma (serosal side)

cellular barriers: iron absorption over the apical mem-
brane, intracellular iron transport through the cell, and
iron export over the basolateral membrane and into the
circulation. The enterocytes, however, have no trans-
ferrin receptors on the surface exposed to the lumen
(Pietrangelo et 4l., 1992); thus enterocytes differ from
other nuclear-bearing cells. Consequently, there has to
be a mechanism of absorption other than the usual
transferrin—transferrin receptor pathway. Absorption of
iron across the apical membrane of the enterocytes is
mediated by a divalent cation transporter, which is
called Nramp2 or divalent cation transporter 1 (DCT1)
(Fleming et a/., 1997). Nramp is an acronym for natural
resistance-associated macrophage protein; Nramp2 is highly
homologous to Nrampl, a molecule that is important
in host defense against pathogen infection. Evidence
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speaks in favor of Nramp2 being responsible for iron
transport from the duodenum lumen into the cytoplasm
of enterocytes.

B. The Iron Importer: Nramp 2

The gene coding for Nramp?2 in humans contains more
than 36,000 bases. At least two different forms of
mRNA are coded (Lee et al., 1998), as this is the first
step in the expression of the gene. One region of the
Nramp2 isoform I is the 3" untranslated region, which
contains an iron-responsive element similar to the iron-
responsive element present in the 3" untranslated region
of the mRNA transferrin receptor 1 (Tandy ez /., 2000).
The isoform II, however, lacks the iron-responsive
element. Expression of Nramp2 isoform I is, therefore,
upregulated in iron-deficient animals and human intes-
tinal cells, whereas expression of Nramp2 isoform II is
not due to the lack of the iron-responsive element
(Fleming et /., 1999). The importance of the presence
of a functional iron-responsive element in the Nramp2
isoform I is that its expression probably is controlled by
intracellular iron concentration. Such a control should
not be functional in the case of Nramp2 isoform II.

As might be expected, Nramp2 is highly expressed at
the duodenum brush border, which corroborates its
important role in intestinal iron absorption (Cannone-
Hergeaux et al., 1999), because enterocytes lack the
transferrin receptor system at the absorptive surface.
Nramp? is located on the plasma membrane as well as
on subcellular vesicular compartments. The Nramp2
protein is thought to consist of 12 transmembrane
domains, and studies show that Nramp2 acts as a
proton-coupled divalent cation transporter (Gunshin ez
al., 1997). Nramp? is, therefore, capable of transport-
ing not only ferrous iron but also a number of divalent
cations such as Zn**, Mn**, Co**, Cd*, Ni**, and Pb*
(Gunshin ez al., 1997). In addition, Nramp2 function is
pH dependent, being optimal at a pH of <6 (Gunshin
et al., 1997). Nramp2 has been shown to be colocalized
at the subcellular level with transferrin, and Nramp2
might be involved in transporting transferrin-bound
iron across the membrane of endosomes into the
cytoplasm (Gruenheid ez 4l., 1999).

C. Heme Iron Uptake

Hemoglobin iron from food is absorbed more effi-
ciently than inorganic iron; therefore, absorption of

iron from myoglobin and hemoglobin is different from
the way in which inorganic iron is absorbed. Hemoglo-
bin is enzymatically digested in the intestinal lumen,
and the heme molecule is internalized by the entero-
cytes as an intact metalloporphyrin (Majuri & Gras-
beck, 1987). It might be that the heme molecule enters
the cell through a receptor-mediated process. Once
inside the enterocyte, heme is metabolized by heme
oxygenase, and inorganic iron is released. This is either
stored as ferritin or transported across the basolateral
membrane to enter the bloodstream (Figure 7). When
the enterocyte ends its life cycle, iron in the form of fer-
ritin will be sloughed with the aged cells and leave the
body through the gastrointestinal tract. Humans have a
limited means of eliminating iron; therefore, this
process is an important mechanism of iron loss (Lieu ez

al., 2001).

D. Paraferritin-Mediated Iron Uptake

Nramp2 is a much better transport agent for ferrous
iron than ferric iron. In addition, ferrous and ferric iron
can also be internalized by enterocytes in different path-
ways. Paraferritin is a membrane complex with a molec-
ular weight of 520kDa that contains B-integrin,
mobilferrin (a homolog of calreticulin, which is a lectin-
like chaperone promoting efficient folding of proteins
in the ER), and flavin monooxygenase. It participates in
the mucin-mediated iron uptake in the intestinal lumen
(Figure 7) (Umbreit er al., 1998). Experiments with
erythroleukemia cells show that an anti-B,-integrin
monoclonal antibody blocks 90% of ferric citrate
uptake. Little effect, however, was observed on the
uptake of ferrous iron. Consequently, it seems that
ferric iron is absorbed via the paraferritin-mediated
pathway (Conrad et a/., 1999). A possible mechanism is
that ferric iron is solubilized by mucin in the intestinal
lumen, transferred to the mobilferrin- and B-integrin-
containing paraferritin complexes, and then internal-
ized (Conrad et al., 1999). Having been internalized,
flavin monooxygenase is associated with the complexes
and ferric iron is reduced to ferrous iron in parallel
with the activity of NADPH. The B-integrin- and
mobilferrin-containing  paraferritin  complex also
interacts with B, microglobulin. In addition, mobilfer-
rin and B, microglobulin have been shown to play
critical roles in the development of iron overload in
hemochromatosis in animals (Rothenberg & Voland,
1996).
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E. The Iron Exporter: Ferroportinl

A novel iron transporter gene, ferroportinl, has
recently been identified (Donovan et al, 2000).
Sequence analysis of ferroportinl shows that it has a
stem-loop structure, typical of iron-responsive ele-
ments, in the 5" untranslated region (Donovan ez 4.,
2000). It has been shown that the iron-responsive
element binds to iron regulatory proteins 1 and 2. This
indicates that expression of ferroportinl is regulated by
intracellular iron levels (McKie et 4/., 2000). Studies of
ferroportinl demonstrate that ferroportinl mediates
iron efflux across membranes by a mechanism requir-
ing an auxiliary ferroxidase activity (Donovan et al.,
2000; McKie et al., 2000). Ferroportinl is expressed
highly in the placenta, liver, spleen, macrophages, and
kidneys. In the cell, ferroportinl is located on the baso-
lateral membrane of duodenal enterocytes (McKie ez al.,
2000). This suggests that ferroportinl probably func-
tions as an iron exporter in the enterocytes (Figure 7).
Ferroportinl is located on the basal surface of placen-
tal syncytiotrophoblasts, which probably suggests a role
for ferroportinl in iron transport into the embryonic
circulation (Donovan et 4l., 2000).

The function of ferroportinl is believed to be in
parallel with the membrane-resident ferroxidase
hephaestin and serum ceruloplasmin (McKie et 4.,
2000). Hephaestin has a high degree of similarity to
ceruloplasmin, which is a multi-copper oxidase possess-
ing ferroxidase activity, which is required for the release
of iron into blood and the binding to transferrin.
Hephaestin does not transport iron, which is similar to
ceruloplasmin; however, it facilitates the transport of
iron from enterocytes into the body’s circulation
(Harris et al., 1998). Sex-linked anemic mice with defec-
tive hephaestin show normal dietary iron absorption
into the enterocytes, but they suffer from a defect in the
transport of iron from duodenum to the blood (Vulpe
et al., 1999). Unfortunately, the mechanism by which
ferroportinl mediates the transport of iron across the
basolateral membrane and by which it interacts with

hephaestin and ceruloplasmin is still unknown (Lieu ez
al., 2001).

F. Regulation of Dietary Iron Absorption

The regulation of iron absorption by enterocytes is
exercised in various ways. In the first place, it may be
modulated by the amount of iron in recently consumed
food. This mechanism is referred to as the dierary

regulator (Andrews, 1999). Enterocytes are resistant
to acquiring additional iron for several days after
consumption, a phenomenon referred to as mucosal block
(Andrews, 1999). A second regulatory mechanism,
which monitors the iron levels stored in the body rather
than the dietary iron status, is referred to as the stores
regulator. When there is iron deficiency, the stores reg-
ulator can modify the amount of iron uptake by a factor
of approximately two to three (Finch, 1994). Saturation
of plasma transferrin with iron is also thought to influ-
ence the dietary absorption of iron, at least indirectly.
A detailed mechanism of the stores regulator remains to
be defined. The erythropoietic regulator is a third regula-
tory mechanism that has a greater capacity to increase
iron absorption than the stores regulator. The erythro-
poietic regulator does not respond to the cellular iron
levels; however, it does modulate iron absorption in
response to the requirements for erythropoiesis.
Further studies are required to increase our knowledge
of the molecular mechanisms of intestinal iron absorp-
tion (Lieu et «/., 2001).

G. Transferrin Receptor-Mediated Iron Uptake

In the blood, iron is transported by the plasma glyco-
protein transferrin, which has a molecular weight of
about 80kDa and a high affinity for ferric iron. Most
cells in the body, except enterocytes in the intestine, get
iron from transferrin. The uptake of iron in cells begins
with the binding of transferrin to a receptor on the cell
surface known as the wuansferrin receptor. It binds
transferrin only when it carries iron. The maximum
capacity of transferrin is two iron ions. The transferrin—
receptor complex is then internalized through the endo-
cytic pathway. Transferrin receptors do not interact
directly with iron, yet they control iron uptake and
storage by most cells in the organism. There are at least
two types of transferrin receptors. Transferrin receptor
1 is a membrane-resident glycoprotein that is expressed
in all cells, with the exception of mature erythrocytes.
The other type, transferrin receptor 2, is a homolog of
transferrin receptor 1. It is specifically expressed in the
liver, particularly in the hepatocytes. Following inter-
nalization, the endosome is covered with clathrin. This
is a protein complex of three large and three small
polypeptide chains that is thought to help bend the
membrane in the internalization process. The endo-
some is then uncoated by an uncoating ATPase. Then
protons are pumped into the endosome, causing iron to
be released from the transferrin. Iron then passes
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FIGURE 8 A schematic view of the extracellular binding of
iron to apotransferrin, receptor-mediated endocytosis, release
of iron into the endosome (driven by ATP), and the loading of
iron into ferritin.

through the endosomal membrane and enters the intra-
cellular labile pool. Intracellular iron in the labile pool
can then be utilized for the synthesis of heme- and non-
heme-containing proteins or stored within ferritin with
a molecular weight of 474kDa. The storage capacity of
ferritin is as high as 4500 iron atoms. The receptor-
bound transferrin is recycled back to the cell surface for
reuse after completing a cycle of highly specific and
efficient cellular iron uptake (Figure 8).

H. The Iron-Binding and Iron-Transport Protein:
Transferrin

Transferrin is a single polypeptide chain of a glyco-
protein that consists of two globular domains. Both
domains offer a high-affinity binding site for one iron
ion. Iron affinity of transferrin is pH dependent, and
iron is released from transferrin when the pH is below
6.5. Transferrin might also be involved in the transport
of a number of metals, such as aluminum, manganese,
copper, and cadmium (Davidsson et 4l., 1989; Moos et
al., 2000), but iron has the highest affinity to transfer-
rin and will drive other metals out.

The liver is the primary site of synthesis of transfer-
rin (Takeda ez al., 1998); however, it is synthesized in
significant amounts in the brain, testis, lactating
mammary gland, and some fetal tissues during devel-
opment. The three different forms of transferrin, exist-
ing as a mixture, are iron-free (apotransferrin), one-iron

(monoferric), and two-iron (transferrin diferric). The
ratio between these forms depends on the concentra-
tion of iron and transferrin in blood plasma. Under
normal conditions, most of the iron molecules in blood
plasma are bound to transferrin (Lieu ez /., 2001). The
main function of transferrin is to capture iron from
plasma and to transport it to various cells and tissues in
the organism.

1. The Transferrin-Binding and Transferrin-
Transport Protein: Transferrin Receptor 1

Transferrin receptor 1 is a dimer comprised of two iden-
tical subunits and having a molecular weight of approx-
imately 90kDa. The receptor crosses the plasma
membrane. The monomers are joined by two disulfide
bonds and consist of three domains: a 61-residue
amino-terminal domain, a 28-residue transmembrane
region that helps to anchor the receptor into the mem-
brane, and a large extracellular carboxyl terminus of 671
amino acid residues (McClelland ez al., 1984). As a type
II membrane protein, the carboxyl terminal ectodomain
of the transferrin receptor 1 is critical for transferrin
binding. Indeed, replacement of the carboxyl-terminal,
192-amino-acid residues of the human transferrin
receptor 1 with the corresponding region of the chicken
transferrin receptor dramatically reduces or completely
abolishes its binding affinity for transferrin. Because
each ectodomain contains a binding site for the trans-
ferrin molecule, a homodimer of transferrin receptor
1 can bind up to two molecules of transferrin
simultaneously.

Transferrin receptor 1 is synthesized intracellularly in
the ER. Additionally, it undergoes a number of post-
translational modifications. Its ectodomain is comprised
of three nitrogen-linked glycosylation sites and one
oxygen-linked glycosylation site (Kohgo er al., 2002).
Correct folding is strongly dependent on the nitrogen-
linked glycosylation sites of transferrin receptor 1. If the
oxygen-linked glycosylation at threonine 104 is elimi-
nated, the cleavage of transferrin is enhanced, which, in
turn, promotes the release of its ectodomain (Rutledge &
Enns, 1996). The segment of transferrin receptor 1 that
crosses the membrane consists of 18 hydrophobic amino
acids and also undergoes posttranslational modifications.
The hydrophobic membrane-crossing segment is cova-
lently bound to fatty acids and is subjected to acylation
with palmitate. This probably helps to fasten the recep-
tor to the plasma membrane (Kohgo ez 4/., 2002).

The part of transferrin receptor 1 that is resident in
the cytoplasm is important for the clustering of the
receptor into the chlatrin-coated pits of the plasma
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membrane and, subsequently, for endocytosis (Iacopetta
et al., 1988). A conserved internalization signal (YTRE;
tyrosine, threonine, arginine, phenylalanine) within the
61-amino-acid residues in the cytoplasmic part of trans-
ferrin receptor 1 is critical for efficient endocytosis of
the receptor (Collawn ez 4l., 1993).

Human transferrin receptor 1 is a tightly associated
homodimer. Each transferrin receptor 1 monomer
consists of three distinct globular domains (Rolfs &
Hediger, 1999). The general form of the homodimer
suggests that transferrin could bind to either side with
no contact between the two transferrin molecules. The
extracellular part of transferrin receptor 1 is separated
from the membrane by a stalk, which presumably
includes residues involved in disulfide bond formation
and oxygen-linked glycosylation (Rolfs & Hediger,
1999; Lieu et al., 2001).

Transferrin receptor 1 is the general mechanism for
cellular uptake of iron from plasma transferrin. The
current model of iron uptake from transferrin via
receptor-mediated endocytosis in mammals is shown in
Figure 8 and in greater detail in Figure 9. The first step,
the binding of transferrin to transferrin receptor 1, is
accomplished by a physical interaction that does not
require an increase in temperature or energy (Conrad
& Umbreit, 2000). Transferrin can bind one or two
ferric ions, and the iron status of transferrin affects its
affinity for its receptor. Diferric transferrin has the
highest affinity, followed by monoferric transferrin;
apotransferrin (without iron) has the lowest affinity. An
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FIGURE 9 Release of iron from transferrin in the endosome
and following events. A proton pump (energy-requiring)
decreases the pH within the endosome with the consequence
that iron is released from transferrin. The iron transporter
Nramp2 carries out the subsequent transport of iron over the
endosome membrane into the cytoplasm. IRP stands for iron-
responsive protein.

estimated dissociation constant for diferric transferrin
is about 2-7nM (Lieu ez al., 2001). The plasma con-
centration of diferric transferrin is about 5uM under
physiological conditions; consequently, most surface
transferrin receptors become saturated with transferrin.
Thus, the homodimeric transferrin receptor can
mediate a maximum uptake of four atoms of iron at
the same time.

The  complexes consisting of  transferrin
receptor—transferrin—iron interact with adaptor pro-
teins in the clathrin-coated pit and are then internalized
by the cells through an endocytic pathway mediated
by the receptor. The tyrosine internalization motifs
located on the parts of the transferrin receptors that
reside in the cytoplasm seem to be necessary for a high-
affinity binding to the adaptor protein complexes on the
plasma membrane. Importantly, but not surprisingly,
this process is temperature and energy dependent (Lieu
et al., 2001). Inside the endosome, an ATPase proton
pump causes acidification of the endosome and results
in the release of iron from transferrin. The apotrans-
ferrins remain attached to the transferrin receptors and
return to the cell surface, where they are released from
the cells. The binding between transferrin and the
transferrin receptor is dependent on the pH, which is
critical to membrane uptake and the release of trans-
ferrin. The release of apotransferrin from its receptor
occurs at neutral pH at the cell surface. Both the ligand
and receptor, in this way, become available for recycling
the absorption of iron. After its release from the trans-
ferrin, iron passes through the endosomal membrane
into the cytoplasm via the iron transporter Nramp2
(also known as the DCT'1). Iron that enters the cell can
be utilized in the synthesis of heme or incorporated in
iron-containing molecules. Intracellular iron can also be
stored in the ferritin complexes or can modulate the
activity of iron regulatory proteins (Lieu et 4/., 2001).

2. Second Transferrin-Binding and Transferrin-
Transport Protein: Transferrin Receptor 2

Transferrin receptor 2, which is a homolog of transfer-
rin receptor 1, was recently identified. Its gene is located
on chromosome 7q22 and gives rise to two transcripts
approximately 2900 and 2500 bases in length. Like
transferrin receptor 1, transferrin receptor 2 is a type 11
transmembrane glycoprotein, and it shares 66% simi-
larity in its ectodomain with transferrin receptor 1.
Although the cytoplasmic portion of transferrin recep-
tor 2 is very different from transferrin receptor 1, trans-
ferrin receptor 2 also contains an internalization motif
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(YQRYV; tyrosine, glutamine, arginine, valine), which is
similar to the YTRF motif in transferrin receptor 1.
Transferrin receptor 2 does not possess iron-responsive
elements. It seems that expression of transferrin recep-
tor 2 is not regulated by an iron-regulatory, protein-
mediated feedback regulatory mechanism in response to
cellular iron status (Kawabata et 4/., 1999).

In contrast to transferrin receptor 1, transferrin
receptor 2 is primarily expressed in the liver. Like trans-
ferrin receptor 1, binding of transferrin receptor 2 to
transferrin is also pH dependent. The binding of apo-
transferrin to transferrin receptors 1 and 2 only takes
place at acidic pH. Expression levels of both transferrin
receptors 1 and 2 correlate with stages of the cell cycle
which, in turn, are related to requirements for iron
during DNA synthesis. Nevertheless, transferrin recep-
tor 2 differs from transferrin receptor 1 in its binding
properties with transferrin and regulation of expression.
Holotransferrin has a lower affinity for transferrin
receptor 2 than for transferrin receptor 1.

Transferrin receptors 1 and 2 are likely not only to
be regulated through distinct pathways but also to
mediate iron uptake and storage by a different, yet
unidentified, mechanism. Transferrin receptor 1 seems
to play a general role in cellular iron uptake; however,
transferrin receptor 2 appears to play a specific role in
iron uptake and storage in the liver, due to its high
expression in hepatocytes (Lieu ez al., 2001).

I. Control of Iron Metabolism

Not surprisingly, animal cells differ somewhat from
plants and lower eukaryotes with regard to the way in
which they control iron metabolism. Transcription is
the preferred method by which plants and lower eukary-
otes maintain iron homeostasis. In the yeast Saccha-
romyces cerevisiae, for example, the iron-regulated
transcription factor AFT1 controls production of mul-
tiple gene products that are needed to make up the
high-affinity iron transport systems. Similarly, in plants,
the iron storage protein ferritin is transcriptionally reg-
ulated by iron, which differs from the way in which it
is regulated in animal cells, as animal cells utilize post-
transcriptional control of iron metabolism in most cell
types in the body. Apparently, regulation of gene trans-
cription has a more important role in cell-type-specific
modulation of iron homeostasis. Tissue-specific regula-
tion of the expression of H- and L-ferritin, an ery-
throid-specific isoform of 5-aminolevulinate synthase, is
one example, as well as control of the relative expres-

sion of iron regulatory protein 1 (IRP1) and IRP2
between tissues. This means that mammalian iron
homeostasis is maintained through integrated use of
sensory and regulatory systems operating at multiple
levels of gene regulation (Eisenstein, 2000).

Although iron is an essential trace element, it might
be detrimental if it is available as a free ion; conse-
quently, besides providing storage, it is also necessary to
prevent toxicity. Alteration of ferritin gene transcription
provides an important means by which the relative
abundance of the ferritin subunits can be modified to
meet the unique iron storage and/or detoxification
needs of specific tissues. The ratio of the abundance of
the heavy-chain (H) and light-chain (L) subunits varies
among tissues, and this variation is probably due to
tissue-specific differences in the rates by which the fer-
ritin genes are transcribed (Tsuji ez a/., 1999; Eisenstein,
2000). Gene transcription of ferritin can be modulated
by both iron-dependent and iron-independent factors.
Experiments show that an excess of iron can cause a
selective increase in L-ferritin gene transcription in the
liver. In other systems, though, H- and L-ferritin trans-
cription is altered in parallel to iron. Transcription
of the ferritin genes is also modulated by a number of
iron-independent signaling pathways (Eisenstein,
2000). Synthesis of transferrin and transferrin receptor
takes place in fewer tissues than is the case for the fer-
ritins. Transcription thus seems to dictate their expres-
sion in specific tissues. Iron deficiency causes induction
of the transcription of both genes (Testa ez /., 1989). In
many cases, however, transferrin receptor expression
in iron deficiency is controlled by the regulation of
mRNA stability. Seemingly contradictory is the fact that
transcription appears to be a more critical factor in the
iron regulation of transferrin expression in a deficiency,
although translational regulation may be important in
reducing transferrin synthesis when there is excess iron
(Eisenstein, 2000). The gene transcription of transfer-
rin and transferrin receptor is enhanced during hypoxia
to increase iron delivery to the erythron, which is nec-
essary to advance erythropoiesis and increase oxygen-
carrying capacity (Tacchini ez al, 1999; Eisenstein,
2000). During erythropoiesis, transcription plays a
greater role in modulating transferrin receptor expres-
sion than in many non-erythroid cells. This makes
increases in transferrin receptor expression possible
without maximal induction of IRP activity and allows
for simultaneous expression of the erythroid isoform of
delta-aminolevulinate synthase (ALAS, eALAS). The
growth state of cells also influences transferrin receptor
gene transcription. Clearly, regulation of the transcrip-
tion of the H- and L-ferritins, transferrin, and trans-
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ferrin receptor genes contributes greatly to the mainte-
nance of cell and organ iron homeostasis (Eisenstein,

2000).

J. Iron Regulatory Proteins and the Coordination
of Iron Homeostasis

Iron regulatory proteins play a significant role in main-
taining iron homeostasis by coordinating many of the
mRNAs that encode proteins for the control of uptake
or the metabolic fate of iron. Furthermore, changes in
rates of transcription help establish the final level of
these mRNAs. IRPs are considered central regulators of
mammalian iron metabolism because they regulate the
synthesis of proteins that is required for the uptake,
storage, and use of iron by cells (Eisenstein, 2000).
Important factors with regard to this regulation include
the following:

* It is well accepted that IRPs are critical factors of
the posttranscriptional regulation of transferrin
receptor expression.

¢ IRPs play a major role in determining the iron
storage capacity of cells by regulating translation of
both H- and L-ferritin mRNA.

¢ Translation of the mRNA for the eALAS also seems
to be regulated by IRPs.

In this role, IRPs may coordinate the formation of
protoporphyrin IX with the availability of iron. IRPs
may thus be important modulators of iron cycling in the
body. In addition, the mRNA-encoding divalent metal
transporter 1 (DMT1) and ferroportinl/iron-regulated
gene 1 (IREGI) contain iron-responsive element (IRE)-
like sequences. This suggests that IRPs might possibly
affect the use of these mRNAs. DMT1 expression is
iron regulated in some but not all situations; however,
there are indications that the abundance of ferro-
portinl/IREG1 mRNA responds to changes in iron
status. If the IREs in DMT1 and ferroportinl/IREG1
mRNA are functional, as is the case for transferrin
receptor mRNA, then IRPs probably are major modu-
lators of the transmembrane transport of transferrin and
non-transferrin iron (Eisenstein, 2000).

V. UPTAKE AND REGULATION OF ZINC

A number of physiologic systems contribute to zinc
homeostasis under different conditions. Central to the

maintenance of zinc homeostasis, however, is the gas-
trointestinal systems, especially the small intestine,
liver, and pancreas. Specifically, the processes of absorp-
tion of exogenous zinc and gastrointestinal secretion
and excretion of endogenous zinc are critical to zinc
homeostasis throughout the body. During evolution,
cells developed efficient uptake systems to allow for the
accumulation of zinc even when it is scarce. These
uptake systems use integral membrane transport pro-
teins to move zinc across the lipid bilayers of the plasma
membrane. Once inside a eukaryotic cell, a portion
of the zinc must be transported into intracellular
organelles to serve as a cofactor for various zinc-
dependent enzymes and processes present in those
compartments; therefore, transporter proteins must be
present in organelle membranes to facilitate this flux of
zinc. Zinc can also be stored in certain intracellular
compartments when supplies are high and used later if
zinc deficiency ensues. Again, zinc transporters are
required to facilitate this transport in and out of
organelles.

A. Families of Zinc Transporters in Eukaryotes

Many types of transporters have been found to be
involved in zinc transport. In prokaryotes, transporters
of the ATPase binding cassette (ABC) family have been
demonstrated to work in zinc uptake. The zinc ABC
proteins of Escherichia coli, for example, are a major
source of zinc incorporation for these cells. A family of
P-type ATPases functions as zinc efflux transporters;
the ZntA protein in E. co/i is one such transporter. Inter-
estingly, this protein is important for zinc detoxification
by pumping the metal ion out of the cell when intra-
cellular zinc levels get too high (Hantke, 2001).
Eukaryotes have been found not to use ABC trans-
porters or P-type ATPases; instead, zinc transport
apparently is accomplished by two other families of
transporters. The uptake of zinc and transport from the
extracellular space to the cytoplasm have been found to
be associated with the ZIP (Zrt-, Irt-like proteins)
family. Additionally, the mobilization and transport of
stored zinc from an organelle to the cytoplasm have
been shown to be carried out by ZIP transporters. The
CDF (cation diffusion facilitator) family does the oppo-
site of the ZIP proteins; namely, it pumps zinc from the
cytoplasm out of the cell or into the lumen of an
organelle. All of the known members of these families
play roles in metal ion transport, and zinc is often the
substrate; consequently, it might be that several other
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FIGURE 10 A sketch of the predicted membrane topology
of ZIP and CDF proteins. (a) ZIP proteins as well as Irt| are pre-
dicted to have eight membrane-crossing domains (I-VIII). Indi-
cated as the variable region are the conserved and functionally
important residues in domains VI and V, the ubiquitinated K195
in Zrtl, and the extracellular loop region affecting Irt| substrate
specificity. (b) The majority of CDF transporters as well as Zrcl
are predicted to have six membrane-crossing domains (I-VI).
Conserved polar or charged residues within the membrane-
crossing domains |, Il, andV are indicated. H, histidine; G, glycine;
D, aspartate; S, serine; L, lysine; T, threonine; W, tryptophan; and
X, any amino acid. (Adapted from Gaither and Eide, 2001.)

members work in zinc transport (Gaither & Eide,
2001).

Two of the first members of the ZIP family to be dis-
covered were Zrtl of Saccharomyces cerevisiae and Irtl of
Avrabidopsis thaliana (Gaither & Eide, 2001); thus the
name ZIP transporters. Zrtl is a zinc uptake transporter
in yeast, and Irtl is an iron transporter in plants. Cur-
rently, 86 ZIP members can be found in the protein
sequence database at the National Center for Biotech-
nology Information (NCBI). This list includes proteins
from eubacteria, archaea, fungi, protozoa, insects,
plants, and mammals.

The degree of sequence conservation can be used to
split the ZIP family into subfamilies. Most proteins in
the ZIP family are predicted to have eight membrane-
crossing domains; however, some may have as few as
five. The majority of ZIP proteins share a similar pre-
dicted topology where the amino and carboxyl termini
are located in the extracellular space (Figure 10a). Parts
of this topology have been corroborated for some
members of the family. Examples include the amino

terminus of Zrtl and the carboxyl terminus of hZip2,
which have been shown to be on the outside surface of
the plasma membrane. Many of the ZIP proteins have
a long loop region located between membrane-crossing
domains IIT and IV. This region is called the “variable
region,” because both its length and sequence show
little conservation among the family members. Many of
the ZIP proteins are characterized by the presence
of many histidine residues. In Zrtl, this sequence is
histidine—aspartate-histidine—threonine-histidine—

aspartate—glutamate . . ., and in Irtl the sequence is
histidine—glutamate-histidine—glutamate-histidine—
glutamate-histidine. . . . The function of this region is

not known; however, it is acknowledged to be a poten-
tial metal binding domain. Consequently, its conserva-
tion in many of the ZIP proteins implies a role in metal
ion transport or its regulation (Gaither & Eide, 2001).

The mechanism of transport used by the ZIP pro-
teins has yet to be unveiled. Conspicuously, the zinc
uptake by human hZip2 zinc transporter has been
shown to be energy independent (Gaither & Eide,
2000); however, this finding does not correspond with
studies of the yeast zinc transporters Zrtl and Zrt2,
which demonstrated strict energy dependence (Zhao &
Eide, 1996). Fungal and human ZIP proteins may, con-
sequently, use different mechanisms. Zinc uptake by
hZip2 was stimulated by HCO;™ but was not depen-
dent on K' or Na* gradients (Gaither & Eide, 2000); it
has been suggested that hZip2 functions in vivo by a
Zn**~-HCO;~ symport mechanism. Another possibility
is that zinc uptake by these proteins may be driven by
the concentration gradient of the metal ion substrate.
Although the total level of zinc in cells can be as high
as several hundred micromoles (Mantzoros et al., 1998),
only small amounts of that zinc are present in a “free”
or labile form. Estimates of the labile pool of zinc in
cells are in the nanomolar range (Suhy & O’Halloran,
1995). A concentration gradient of labile zinc across the
plasma membrane may thus be an important driving
force for Zn** uptake. The negative-inside membrane
potential existing in cells could also be a driving force
for the uptake of zinc (Gaither & Eide, 2001; Zhang &
Allen, 1995).

The CDF (cation diffusion facilitator) proteins were
early recognized to often play roles in metal ion trans-
port (Nies & Silver, 1995). They are similar to the ZIPs
found in organisms at all phylogenetic levels. Many
members of this family have been implicated specifically
in the transport of zinc from the cytoplasm out of the
cell or into organellar compartments (Gaither & Eide,
2001). The CDF family was recently said to comprise
13 members; however, more sequence data and better



Uptake oF ELEMENTS FrOM A Brorogicar PoiNT oF View 103

tools have increased the number of members to 101
(Gaither & Eide, 2001).

The CDF family can be divided into three different
subfamilies (I, II, and III) based on clusters or proteins
with greater sequence similarities. CDF subfamily I is
found mostly in prokaryota, including both eubacteria
and archaea. Subfamilies II and III are comprised
of about equal numbers of species of eukaryotic and
prokaryotic origin. Six membrane-crossing domains
seem to be common in a majority of the members of
the CDF family. Their predicted membrane topology is
similar to that shown for one such protein, Zrcl, from

Saccharomyces cerevisiae, shown in Figure 10b (Gaither &
Eide, 2001).

B. Zinc Transport and Its Regulation in Plants

Both ZIP and CDF family genes have been discovered
in many plant species and have contributed to our
increasing understanding of zinc transport and regula-
tion in plants. The number of ZIP family members in
plants is remarkable. The Arabidopsis genome contains
18 ZIP family genes from three of the four subclasses
of ZIP proteins. ZIP subfamily II, however, does not
have a plant representative. Plants and animals are mul-
ticellular organisms, as reflected by the high number of
potential metal ion transport proteins, probably due to
the greater diversity of tissue-specific roles played by
these proteins (Gaither & Eide, 2001). The first ZIP
protein to be discovered in any organism was Irtl (iron-
regulated transporter 1) (Eide er 4/, 1996). Its gene
(IRTT) was cloned because its expression in a yeast
mutant with an impaired iron uptake suppressed the
growth defect of this strain when growth media con-
tained low amounts of iron. Irtl expression indeed
increased iron uptake in this yeast strain, as confirmed
by biochemistry (Eide ez 4l., 1996). Later studies showed
that Irtl could also transport Zn*, Mn**, and Cd*
(Korshunova et al., 1999). Iron accumulation, rather
than the transport of other metals such as zinc, seems
to be the main function of Irtl in plants. In addition,
Irtl is expressed only in the roots of plants for which
iron access is restricted. If Irtl takes part in the accu-
mulation of metals other than iron, such as zinc, this
probably occurs only under iron-limiting conditions
(Gaither & Eide, 2001). It has, indeed, been observed
that iron-limited plants accumulate higher levels of
other metals such as zinc, manganese, and cadmium
(Cohen et al., 1998). These findings corroborate the
prediction of Gaither and Eide (2001).

Zipl through Zip4, ZIP transporters in Arabidopsis,
may play roles in zinc transport. In Saccharomyces cere-
visiae, the expression of Zipl, Zip2, or Zip3, each with
distinct biochemical properties, results in increased zinc
uptake. These proteins, consequently, most probably
are zinc transporters. Zip4 expressed in yeast, however,
does not result in increased zinc uptake. This may be
due to poor expression or mislocalization of the protein
in the yeast cell. ZIPI is expressed predominantly in
roots while ZIP3 and ZIP4 mRNA could be found in
both roots and shoots. The induction of ZIPI, ZIP3,
and ZIP4 mRNA takes place under zinc-limiting con-
ditions. A role for these proteins in zinc transport is thus
further confirmed. Neither subcellular localization of
these proteins nor tissue-specific expression has been
determined, so their exact roles cannot be assessed as
yet. It is quite clear that some mechanism of regulation
exists in plants because there is a zinc-responsive regu-
lation of mRINA levels in response to zinc availability
(Gaither & Eide, 2001).

If regulation of the expression of zinc transporters was
altered in any way, zinc accumulation in plants would
probably be greatly impacted. This presumption may in
part explain the physiology of an unusual group of plants
called metal hyperaccumulators. These are plants that take
up large quantities of metal ions from the soil. They are
of great interest because of their potential to remove
metal pollutants from surface soils in a process called phy-
toremediation (Raskin, 1995; Gaither & Eide, 2001). A
well-known hyperaccumulator is Thlaspi caerulescens, a
member of the Brassicaceae family that also includes
Avrabidopsis. Certain ecotypes of T.. caerulescens are capable
of accumulating zinc in their shoots at levels up to as
much as 30,000pgg™ without evident toxic effects
(Gaither & Eide, 2001). Plants that are not hyperaccu-
mulators normally accumulate only 0.1% of that level. A
salient ability to accumulate and detoxify metal ions
should therefore be a significant property of hyperaccu-
mulators. In studies of T. caerulescens, it was found that
the maximum velocity, V..., was elevated almost fivefold
compared to a non-hyperaccumulating ecotype, 7.
arvense, although there was no difference in the
Michaelis-Menten constant K., (Lasat et /., 2000).
Expression of zinc uptake transporters should thus be
higherin 7. caerulescens. ZNT1,a ZIP family member, has
been cloned from 7. caerulescens and T. arvense. In T.
arvense, Zntl is expressed at a low level and regulated by
zine status. In T. caerulescens this gene is expressed at a
much higher level and is unaffected by zinc availability.
The increased zinc accumulation in this and perhaps
other metal hyperaccumulating plant species can thus be
explained by Zntl expression.
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Many members of the CDF family are also contained
in the genomes of plant species. For example, Ara-
bidopsis alone encodes ten CDF member genes. The
proteins expressed by these genes are likely to function
in subcellular zinc compartmentalization as well as in
zinc efflux. The Zat protein of Arabidopsis is the only
plant CDF member to have been studied. This protein
seems to be a zinc transporter; however, Z4T mRNA
expression is not zinc regulated. Transgenic plants over-
expressing the ZAT gene demonstrate increased zinc
resistance. In roots of these transgenic plants, the zinc
content was also found to be increased, which suggests
that Zat transports zinc into an intracellular compart-
ment (e.g., the vacuole or root cells). In any multicellu-
lar organism, zinc transporters are required for both
cellular zinc uptake as well as efflux to allow utilization
of the metal. Plants, for example, need a zinc efflux
transporter to pass zinc from the root tissue into the
xylem for distribution to aerial portions of the plant.
CDF proteins such as Zat probably perform this
function as well (Gaither & Eide, 2001).

C. Zinc Transporters and Their
Regulation in Mammals

Both the ZIP and CDF families are represented by
several zinc transporters found in mammalian organ-
isms. Fourteen ZIP genes have been identified in
humans, and three have been found in the mouse. Func-
tional data are available for three of the human genes
(hZIP1, hZIP2, and hZIP4). Recently, a subfamily of
mouse zinc transporter genes was characterized
(Dufner-Beattie et al., 2003). The proteins hZipl and
hZip2 appear to play roles in zinc uptake across the
plasma membrane. Expression of 4ZIP2 mRNA has
been detected in prostate and uterine tissue as well as
monocytes, indicating restricted tissue specificity
(Kambe er al., 2004). Overexpressed AZIP2 in cultured
K562 erythroleukemia cells resulted in an increased
accumulation of zinc compared to control cells. Fur-
thermore, the hZip2 protein was localized to the plasma
membrane of these cells (Kambe et 4/, 2004). These
results indicated that AZIP2 might serve in zinc uptake
in the few tissues where it is expressed (Gaither & Eide,
2001).

Endogenous uptake of zinc was shown to be bio-
chemically different from uptake mediated by hZip2 in
the K562 cell line in a number of ways. For example,
HCO;™ treatment stimulated zinc uptake mediated by
hZip2, whereas the endogenous system did not react.
Moreover, several other metal ions (e.g., Co™, Fe’*, and

Mn™) significantly inhibited zinc uptake by hZip2;
however, the endogenous uptake was far less sensitive.
It has recently been demonstrated that another ZIP
transporter, hZipl, represents the endogenous zinc
uptake system in K562 cells (Gaither & Eide, 2001).
Three important observations support this hypothesis.
First, K562 cells express #ZIP1 mRNA, and the func-
tional hZipl protein is localized to the plasma mem-
brane of these cells. Second, a twofold increase in zinc
uptake activity was a consequence of a twofold overex-
pression of hZIP1 mRNA. It was not possible to dis-
tinguish, by biochemical means, the increased uptake of
zinc in hZip1-overexpressing cells from the endogenous
system. Last, but not least, antisense oligonucleotides
targeted to inhibit AZIP1 expression also inhibited the
endogenous zinc uptake activity. The hypothesis that
hZipl is the endogenous transporter in K562 cells is
thus strongly supported. The antisense #ZIP1 oligonu-
cleotide treatment reduced zinc uptake to 10-20% of
control levels, again corroborating the idea that hZip1
is the major pathway of zinc uptake in these cells
(Gaither & Eide, 2001).

A wide variety of different cell types demonstrates
expression of hZIP1, in sharp contrast to the »#ZIP2
gene. The results of Gaither and Eide (2001), therefore,
suggest that hZipl is an important candidate for being
the primary factor for zinc uptake in many human
tissues. A recent study by Franklin et al. (2003) in which
a correlation was found between #ZIP1 expression levels
and zinc uptake in human malignant cell lines derived
from the prostate provided significant support for this
conclusion. Prostate cell lines LNCap and PC-3 possess
high levels of zinc uptake activity that is stimulated by
prolactin and testosterone. It was found that #ZIPI is
expressed in LNCap and PC-3 cells, and this expression
is increased by prolactin and testosterone treatment
(Franklin et al., 2003). Expression of hZIPI was also
repressed by adding zinc to the medium, which sug-
gested that some regulation of zinc uptake occurs in
response to cellular zinc status. Lioumi er a/. (1999)
recently reported a closely related ortholog of hZipl
obtained from the mouse; this protein was named Zirtl
for zinc-iron regulated transporter-like protein. The
ZIRTL gene is expressed in a wide variety of tissues as
is bZIPI.

A conspicuous finding is that the transporters hZipl
and hZip2 have a surprisingly low affinity for their sub-
strate. The K,, values of both proteins are about 3 pM
for free Zn’* ions. Additionally, zinc transporters in a
wide variety of mammalian cells have K, values of the
same order. We are faced with an apparent paradox that
arises when considering the free Zn** concentration in
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mammalian serum. The total zinc concentration of
serum is about 15 to 20uM, and very little of that
amount is present in an unbound form (Zhang & Allen,
1995). About 75% of Zn** is bound to albumin, and
20% is bound to o,-macroglobulin. What does not exist
in free form is complexed with amino acids such as
histidine and cysteine. The serum has a high binding
capacity for metals; thus, the free Zn** concentration in
serum is estimated to be in the low nanomolar range. It
is difficult to understand how such a low concentration
of substrate would allow these transporters to con-
tribute to zinc accumulation by mammalian cells under
physiological conditions. The cellular requirements of
zinc have to be considered and compared to transporter
capacity. Recent studies showed that the capacity,
expressed as Vi, for uptake is so high relative to the
cellular demand for zinc that adequate levels can be
obtained despite the apparent low affinity of the trans-
porters (Gaither & Eide, 2001).

Curiously, a ferrous iron transporter, the
DCT1/DMT1/Nramp2 Fe**, may be involved in zinc
uptake. This transporter is a member of the Nramp
family of transporters and is not related to ZIP or CDF
proteins. Experiments with Xenopus oocytes suggested
that cation influx currents could indicate Zn’* move-
ment across the membrane; however, more recent
results have indicated that the currents recorded in
these oocytes result from Zn**-induced proton fluxes
rather than transport of the metal ion (Sacher ez 4,
2001).

Export of zinc from the cell as well as transport into
intracellular organelles is related to mammalian CDF
family members. Seven CDF genes in humans and six
in the mouse genome have been identified plus a small
number of others from the rat and other mammals.
Four of the mammalian genes, ZnT-1, Zn1T-2, Zn1-3,
and ZnT-4, have been functionally characterized to such
an extent that their roles in zinc metabolism are not in
doubt. ZnT-1 is a zinc export transporter in the plasma
membrane of mammalian cells; consequently, ZnT-1
may play a role in the cellular detoxification of zinc by
exporting unnecessary metal ions out of the cell. An
observation that cells overexpressing this transporter
show higher zinc resistance than control cells further
corroborates this role. Zn'T-1 may also be involved in
the dietary absorption of zinc in the intestine as well as
in the reabsorption of zinc from urine in the renal
tubules of the kidney. The intestinal enterocytes of the
duodenum and the jejunum (i.e., the primary sites of
zinc absorption) express ZnT-1, and the protein is
found localized to the basolateral membrane. This indi-
cates a role in transporting zinc out of the enterocyte

and into the bloodstream. The protein is also found on
the basolateral surface of renal tubule cells, where it
would be expected to appear to be involved in trans-
porting zinc that has been reabsorbed from the urine
back into the circulation. It is well established that the
loss of zinc in urine is very low because of an efficient
renal reabsorption (Gaither & Eide, 2001).

Intracellular zinc sequestration and storage may be
dependent on Zn'T-2, a role similar to that proposed for
Zrcl and Cotl in yeast. Zn'1-2 is located in the mem-
brane of the late endosome that accumulates zinc when
cells are grown under high zinc conditions (Palmiter ez
al., 1996).

The third CDF transporter, ZnT-3, has a role similar
to that of ZnT-2. It also transports zinc into an intra-
cellular compartment where the metal may play a role
in neuronal signaling. Messenger RNA of ZnT-3 has
been detected only in the brain and testis and is most
abundant in the neurons of the hippocampus and the
cerebral cortex. The protein is localized in membranes
of synaptic vesicles in these neurons, which suggests
that the protein transports zinc into this compartment.
This hypothesis is further supported by the fact that a
subset of glutamatergic neurons contains histochemi-
cally reactive zinc in their synaptic vesicles. The Zn'T-
3 protein was colocalized with these zinc-containing
vesicles. Furthermore, a mouse line lacking Z»n7-3 did
not accumulate zinc in these vesicles; therefore, the
protein ZnT-3 must be required for the transport of
zinc into synaptic vesicles in some types of neurons
where it may play a neuromodulatory role (Cousins &
McMahon, 2000).

The protein ZnT-4 is expressed in the mammary
gland, brain, and small intestine. In the mammary
gland, it is responsible for zinc transport into milk. In
fact, mutations in the Zn7T-4 gene produced a mutant
mouse referred to as the lethal milk (Im) mouse. This
mutant gene is the /m gene. Pups of any genotype
suckled on /m/lm dams die before weaning, and the
cause of death is zinc deficiency from an insufficient
supply of zinc in the milk. In intestinal enterocyte
Zn'T-4 is localized in endosomal vesicles concentrated
at the basolateral membrane. It seems that ZnT-4, in a
manner similar to ZnT-1, may facilitate transport of
zinc into the portal blood (Kambe ez 4l., 2004).

It is becoming increasingly clear that regulation of
zinc export in many cell types is managed by zinc. It has
been demonstrated that Zn7-1 mRNA is upregulated
during ischemia, which is known to cause zinc influx
into neurons. Cultured neurons transiently increased
Zn'T-1 mRNA when exposed to zinc, a finding that is in
accordance with ZnT-1 regulation as a result of zinc
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influx (Gaither & Eide, 2001). Transcriptional control
of ZnT-1 could therefore contribute to zinc detoxifica-
tion by stimulating its export. As ZnT-1 is expressed in
many cell types, this could be a general mechanism of
cellular zinc homeostasis. Zinc absorption may also be
dependent on the transcriptional control of ZnT-I.
Messenger RINA levels were found to be increased in
enterocytes following an oral dose of zinc (Cousins &
McMahon, 2000). The location of the ZnT-1 protein
on the basolateral membrane of these cells suggests that
upregulation of ZnT-1 promotes zinc absorption by
facilitating transport into the portal blood.

Regulation of zinc uptake transporters in mammals is
less well known. Evidence suggests that the activity of
these transporters is controlled by the levels of zinc.
Zinc uptake in brush border membrane vesicles, for
example, has been found to increase in zinc-deficient
rats. Additionally, cultured endothelial cells grown
under low-zinc conditions displayed a higher rate of
zinc uptake than zinc-replete cells. Zinc deficiency may
thus increase the expression or activity of zinc uptake
transporters in some cell types. A hypothetic mecha-
nism of this regulation could be similar to that described
in yeast. This is supported by the finding that #ZIPI
mRNA levels in cultured malignant prostate cells
were reduced when treated with zinc. This suggests a
transcriptional control mechanism. Such a mechanism
would play a critical role in mammalian zinc homeosta-
sis (Gaither & Eide, 2001; Kambe et 4/., 2004).

VI. UPTAKE AND REJECTION OF COPPER

The transport and cellular metabolism of copper
depends on a series of membrane proteins and smaller
soluble peptides that comprise a functionally integrated
system for maintaining cellular copper homeostasis.
Inward transport across the plasma membrane appears
to be a function of integral membrane proteins that
form the channels that select copper ions for passage.
Two membrane-bound, copper-transporting ATPase
enzymes—ATP7A and ATP7B (the products of
Menkes’ and Wilson’s disease genes, respectively)—
catalyze an ATP-dependent transfer of copper to intra-
cellular compartments or expel copper from the cell.
ATP7A and ATP7B work in concert with a series
of smaller peptides, the copper chaperones, which
exchange copper at the AT Pase sites or incorporate the
copper directly into the structure of copper-dependent
enzymes such as cytochrome ¢ oxidase and Cu-Zn

superoxide dismutase (CuZnSOD). This enzyme is
found in the cytoplasm and scavenges the superoxide
anion, a reactive oxygen species. These mechanisms
come into play in response to a high influx of copper or
during the course of normal copper metabolism.

A. Accessing the Intracellular Pool

In a defined culture medium (an artificial environment),
cells can get copper ions from a great number of suit-
able donors. The uptake process is usually rapid and,
curiously enough, does not depend on the ATP status
of the cell, so it seems that the uptake process is not
energy demanding. It is tempting to conclude that a
passive copper transport system exists in the membrane
(Tong & McArdle, 1995). Plasma factors seem to have
a similar capability to influence cellular access i vivo.
The capacity of amino acids and chloride and bicar-
bonate ions to stimulate copper uptake gives some
support for this idea (Harris, 2000). Inhibitors of
protein biosynthesis seem to influence increased uptake
of copper. This indicates that the transport system has
a two-sided character and accounts for both import and
export (Harris, 2000).

"To work properly, a transport mechanism requires an
easy exchange of copper. There has been some discus-
sion about whether albumin- and ceruloplasmin-bound
copper actually could be sources of copper for the
tissues; however, a reducing environment, be it in
plasma or in the membrane, can compromise binding
strengths, making release of copper possible. These can
be compromised by reducing systems in the membrane.
Even amino acids could interact with the
copper—protein complex (Harris, 2000).

B. Albumin as a Copper Transport Factor

Albumin is the most abundant protein in plasma; there-
fore, it is a good candidate for copper transport because
it can bind copper in several sites on the protein
(Masuoka & Saltman, 1994). The best candidates for
transportation seem to be the sites at the extreme N
terminal region or certain cysteine residues within the
protein. At the N terminal, a histidine at position 3 may
bind copper (Cu®); however, this site does not reach a
rapid equilibrium with unbound copper. Histidine
forms stable complexes with Cu*, and the histidine
concentration in plasma is about 135 uM. These factors
favor histidine as a transport ligand for copper. The
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interaction is reflected by a ternary complex with
albumin—Cu(Il) and histidine. Furthermore, the inter-
action induces the protein to release copper as a histi-
dine-Cu(Il) complex. It seems, however, that the
histidine ligand is not transported across the membrane
(Hilton ez 4l., 1995). This would suggest that the role
of histidine ends at the cell surface (Harris, 2000).

C. Ceruloplasmin as Copper Transporter

Ceruloplasmin was first isolated from plasma and char-
acterized as a copper-containing protein by Holmberg
and Laurell (1948). This protein is a member of a class
of proteins known as multicopper oxidases, which are
characterized by three distinct copper sites. Cerulo-
plasmin is also a ferroxidase and plays an important role
in oxidizing Fe’* to Fe’* for incorporation in apotrans-
ferrin. As a copper transporter, it contains about 95%
of the copper in plasma. Multicopper oxidases utilize
the electron chemistry of bound copper ions to couple
substrate oxidation with the four-electron reduction of
dioxygen. Electrons pass from the substrate to the type
I copper, then to the trinuclear copper cluster, and sub-
sequently to the oxygen molecule bound at this site
(Garrick et al., 2003). Human ceruloplasmin is encoded
in 20 exons encompassing about 65kb of DNA local-
ized to chromosome 3q23-q24. The human ceruloplas-
min gene in hepatocytes is expressed as two transcripts
of 3.7 and 4.2kb. These come from use of alternative
polyadenylation sites within the 3" untranslated region.
When these transcripts are expressed in the liver, the
1046-amino-acid protein ceruloplasmin is found in
plasma (Bielli & Calabrese, 2002).

D. Membrane Transport of Copper

Some years ago, a major area of investigation was agents
that transported copper in plasma. Lately, however,
interest has been focused on interactions at the mem-
brane surface and transport intracellularly. What
brought about this change in focus was the identifica-
tion of specific copper-transporting proteins in the
membrane as well as within the cell. Yeast has both low-
and high-affinity systems for copper uptake, and these
mediate copper transport (Eide, 1998). In yeast, the
copper transport 1 (CTRI) gene was the first to be iden-
tified. Surprisingly, this gene was not directly for copper
transport but was essential for iron transport in Saccha-
romyces cerevisiae. In fact, the copper was required for

Fet3. This is a multicopper ferroxidase that catalyzes
the oxidation of Fe** to Fe** to make absorption by a
ferric transport protein possible (Dancis ez al., 1994).
The protein Ctrpl is expressed by this gene and is a
membrane-crossing protein. In addition, it is heavily
glycosylated, with a serine- and methionine-rich
composition in which the structural motf
methionine-X-X-methionine is repeated 11 times.
Ctrpl transports Cu* and not Cu** or any other metal
ions. The identification of this protein establishes a
mechanistic link between copper and iron uptake
(Harris, 2000). Strains of S. cerevisine are equipped with
a second high-affinity transporter gene, CTR3 (Knight
et al., 1996). The expressed protein, Ctrp3, restores
copper-related functions in strains lacking the CTRI
gene. A structurally similar transporter gene in Ara-
bidopsis thaliana, COPTI, was later discovered as well as
the human transporter ACTRI. In HeLa cells, the
hCTRI gene is located on chromosome 9 (9q31/32, to
be more precise) (Harris, 2000). The human hCtrl
protein is much smaller than the yeast Ctrpl protein,
based on cDNA sequence data. All these copper trans-
port proteins recognize only Cu'; thus, there must be a
reductase in the membrane to reduce Cu** to Cu* at the
moment of membrane penetration. In yeast, the expres-
sion of FREI and FRE?2 reduces both Cu’* and Fe** for
transport. Expression of a third gene, FRE7, increases
when extracellular copper becomes very limiting
(Martins et al., 1998).

The first important factor to take into consideration
is that the cytosolic environment is highly reducing.
This means that reducing Cu** to Cu" is a straightfor-
ward process. The nitrogen-containing molecule glu-
tathione (y-glutamylcysteinglycine, or GSH) is the most
common intracellular thiol. It has a concentration in
mammalian cells of 0.5 to 10mM and is a reducing
agent in many reactions. Glutathione was one of the
earliest intracellular components identified with copper
transport (Denke & Farburg, 1989). Glutathione may
also play the role of a general transporter of copper ions
by delivering copper to Ctrl in the plasma membranes.
Glutathione reduces and binds Cu* and delivers it to
metallothioneins and to some copper-dependent apoen-
zymes such as superoxide dismutase and hemocyanin
(Tapiero et al., 2003). Formation of Cu(I)>GSH is
a spontaneous reaction apparently independent of
enzyme involvement. When cellular GSH is low, cells
are slower to take up copper from the medium and have
a lower cellular concentration at steady state (Harris,
2000).

A decline in GSH levels in a cell impairs the sub-
sequent binding of copper to apo-CuZnSOD or the
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delivery of copper to the cytosolic enzymes; thus, Cu—
GSH complexes have the capacity to mediate Cu(l)
transfer to a variety of binding sites on macromolecules.
The function of GSH, then, extends beyond that of pre-
venting copper toxicity to playing an important role in
internal copper metabolism (Harris, 2000).

A new family of soluble metal receptor proteins
acting in the intracellular trafficking of metal ions is the
metallochaperones. These metal receptors do not act as
scavengers or detoxifiers. On the contrary, they act in a
“chaperone-like” manner by guiding and protecting
metal ions while facilitating appropriate partnerships
(O’Halloran & Culotta, 2000). Copper chaperones
are a family of cytosolic peptides that form transient
complexes with Cu". An invariant methionine-X-
cysteine-X-X-cysteine metal-binding motif in the
N-terminal region is a structural feature of most chap-
erones. Their function is to guide copper ions in transit
to specific proteins that require copper (Harris, 2000).
Significant examples of metallochaperones are the gene
products of the mercury resistance (7zer) operon of the
Gram-negative transposon 1n2I, including MerP.
MerP is a small, soluble periplasmic protein that trans-
ports Hg** to a membrane transporter and eventually to
a reductase that reduces the Hg** to the volatile Hg" as
part of a detoxifying mechanism (Hamlett et /., 1992).
Chaperones for copper act in a similar manner, moving
copper from one location in the cell to another, often
crossing membrane boundaries. In contrast to nuclear
activating factors, chaperones demonstrate no capacity
to enter the nucleus or interact with DNA. ATX1 and
copZ are copper chaperones in Saccharomyces cerevisiae
and Enterococcus hirae, respectively, and both have ferre-
doxin-like folds with the Bafpof motif in the folded
chains. Copper as Cu() is bound to two cysteine sulfur
groups, forming a linear bidentate ligand. This struc-
ture probably allows for easy exchange of the bound
copper to a structurally similar copper-binding site on
the receiving protein (Harris, 2000). Of utmost signifi-
cance is that other structural features allow the peptide
to specify the target proteins with virtually no possibil-
ity for mismatch. The targets for these copper chaper-
ones are cytochrome ¢ oxidase in the mitochondria,
ATP7B in the trans-Golgi, and the apo form of copper-
and zinc-dependent superoxide dismutase (CuZnSOD)
in either peroxisomes or the cell cytosol. The obvious
advantage of a chaperone is that it selects the receiving
molecule with high precision. This is not the case with
Cu(I)-GSH, which has no target-specifying property. A
conceptual disadvantage is that chaperones force a par-
titioning of copper into multiple pools in order to
replenish copper enzymes (Harris, 2000). To date, three

chaperones have been described in yeast, and all three
are known to share structural features with mammalian
and plant counterparts. The following is a brief descrip-
tion of known chaperones.

In yeast cells lacking superoxide dismutase activity
(sod1A) and auxotrophic for lysine, ATX1 (antioxidant 1)
was identified as an antioxidant gene that suppressed
oxygen toxicity (Lin ez 4., 1997). The human homolog
of ATX1, named ATOXI, was shown to complement
yeast lacking ATX1. Like ATX1, the human ortholog
contains  one  methionine-threonine—cysteine—X—
glycine—cysteine copper-binding domain (Harris, 2000).
The copper chaperone (CCH) in Arabidopsis has a 36%
sequence identity with ATX1. Chaperones with the
ATX1 structural domain target P-type ATPases. The
ATPase in yeast is Cec2p, a membrane-bound protein
that mediates the transfer of copper to a late or post
Golgi compartment. By the same reasoning, ATOX1 in
mammals is thought to target ATP7B, which is a P-type
ATPase that occurs in Wilson’s disease. The ATPase
ATP7B transfers copper to apo-ceruloplasmin or forces
its extrusion into the bile, whereas Ccc2p transports
copper to Fet3p, which is a multicopper oxidase that
oxidizes Fe’* to Fe** for incorporation into the ferric ion
transporter and subsequent delivery (Harris, 2000).

Another copper chaperone, COX17, carries out the
transport of copper to cytochrome oxidase in the mito-
chondria of the yeast Saccharomyces cerevisine. A human
homolog of COX17 has also been reported. Cox17,
acting as a mitochondrial copper shuttle, is the only
known chaperone that violates the glycine-methio-
nine-X-cysteine-X-X-cysteine consensus motif. The
copper binding sites on Cox17 are cysteine residues
occurring in tandem (Cys14 and Cys16) and positioned
near the N terminus. A unique property is the binding
of Cu(I) to Cox17, which is a binuclear cluster that is
similar to the copper cluster in metallothionein, with
the exception that the Cox17-Cu(I) complex is more
labile. In S. cerevisine the delivery of copper to
cytochrome oxidase apparently involves two inner mito-
chondrial membrane proteins, SCO1 and SCO2, which
are penultimate receivers of the copper (Harris, 2000).

LYS7 is a 27-kDa copper chaperone that delivers
copper to the apo-SODI. There are mutants of yeast
LYS7 mutants; they are defective in SOD1 (the gene
encoding CuZnSOD) activity and are unable to in-
corporate copper into the protein. A single methionine—
histidine—cysteine-X—X—cysteine consensus sequence is
present in the N-terminal region of the protein. The
copper chaperone for SOD (CCS) is a human counter-
part of comparable size and 28% sequence identity
(Harris, 2000).
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The most significant finding with regard to copper
transport in cells is without a doubt the discovery,
cloning, and sequencing of the genes responsible for
Menkes’ and Wilson’s diseases. These diseases have
constituted important models of abnormal copper
metabolism in humans. The etiology of these diseases
was unknown for a long time. Classical Menkes’ disease
is an X-linked (i.e., strikes mainly males) copper defi-
ciency. The incidence is about 1 in 200,000. Boys with
the disease usually do not survive past 10 years of age.
Manifestations of the disease are a series of enzyme
defects. Hypopigmented hair is caused by a deficiency
of the tyrosinase required for melanin synthesis.
Connective tissue abnormalities, including aortic
aneurysms, loose skin, and fragile bones, result from
reduced lysyl oxidase activity and consequent weak
cross-links in collagen and elastin. Severe neurological
defects are a predominant feature of the classical form
of the disease and possibly result from the reduced
activities of cytochrome oxidase; however, effects due to
the reduced activity of superoxide dismutase, peptidyl-
glycine-oi-amidating monooxygenase, and dopamine-
B-monooxygenase may also contribute to brain
abnormalities (Suzuki & Gitlin, 1999). All of these
enzymes are copper dependent. A diagnostic feature is
the unusual steely or kinky hair caused by reduced
keratin cross-linking, a process that also is copper
dependent. The copper deficiency in Menkes’ disease is
caused by reduced uptake of copper across the small
intestine (Figure 11) catalyzed by the Menkes’ protein
ATP7A, compounded by defective distribution of
copper within the body wherever ATP7A is required for
copper transport. ATP7A is involved in the transport of
copper across the blood-brain barrier, which explains
the marked brain copper deficiency and consequent
severe neurological abnormalities in patients (Suzuki &
Gitlin, 1999).

Wilson’s disease, or hepatolenticular degeneration, is
an autosomal recessive copper toxicosis condition with
an incidence of 1 in 50,000 to 1 in 100,000, depending
on the population. Very high concentrations of copper
accumulate in the liver because of impaired biliary
excretion of copper or failure to incorporate copper into
ceruloplasmin, the major copper-binding protein in the
circulation. This will ultimately cause the death of hepa-
tocytes. The disease has a variable age of onset but is
rarely observed in children younger than five and can
present as a hepatic or neurologic disease. Copper may
be released from damaged hepatocytes and accumulates
in extrahepatic tissues, including the central nervous
system. The diagnostic copper deposits that can some-
times be seen in the cornea of the eyes are known as the
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FIGURE 11 A schematic view of copper pathways and the
blocks in Menkes’ disease and Wilson’s disease. Copper is taken
up by enterocytes in the small intestine and exported over the
basolateral membrane into the portal circulation. The export
mechanism is defective in Menkes’ disease; consequently, an
overload of copper occurs in the enterocytes and subsequent
copper deficiency in the organism. The liver normally takes up
most of the copper in the portal circulation. If there is a copper
overload, excess copper is excreted in the bile. This process is
blocked in Wilson’s disease. Furthermore, the delivery of copper
to ceruloplasmin is also blocked. (Adapted from Mercer, 2001.)

Kayser-Fleischer rings disorder, which results from
pathological accumulations of copper, predominantly in
the liver and brain tissues. The dominant symptoms
relate to a failure to release liver copper into bile. Both
diseases have provided unprecedented molecular
insights into genetic factors that regulate copper trans-
port and bioavailability to organs and tissues (Suzuki &
Gitlin, 1999).

Menkes’ and Wilson’s diseases are caused by muta-
tions in genes on the X chromosome (Xq13) and chro-
mosome 13 (13q14.3). The isolation and sequencing of
these disease genes have revealed that both code for P-
type Cu-ATPases. The Wilson’s (ATP7A) and Menkes’
(ATP7B) proteins are specific copper transporters;
furthermore, ATP7B and ATP7A have a 57% sequence
homology to one another. In addition, they have
remarkable parallels to copper-binding proteins in bac-
teria. The gene for Menkes’ disease spans about 150kb.
Its mRINA is 8.3 to 8.5kb, encompassing 23 exons that
range in size from 77 to 4120bp, with a single open
reading frame and an ATG start codon in the second
exon. Exon 23 contains the TAA stop codon, 274 bp that
are translated, and a 3.8-kb untranslated region that has
the polyadenylation site. When analyzed as a cDNA,
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ATP7A mRNA encodes a protein of exactly 1500 amino
acids; however, it may have additional nucleotide
sequences at the 5 end. A 22-amino-acid presequence
generated by an in-frame ATG site upstream occurs in
some ATP7A transcripts (Harris, 2000). Strong expres-
sion of Menkes’ disease mRNA is observed in muscle,
kidney, lung, and brain. In placenta and pancreas, the
expressions are weaker, and liver shows only traces.
The Wilson’s disease transcript is 7.5kb and encodes a
protein of 1411 amino acids. In contrast to the Menkes’
disease gene, the Wilson’s disease gene is strongly
expressed in the liver and kidney (Harris, 2000).

The biological functions of ATP7A and ATP7B are
different, although their structures are similar. The
Menkes’ disease protein (ATP7A) seems to be respon-
sible for the regulation of copper-ion release at the
outer membrane. Experiments with Chinese hamster
ovary cells have shown that overexpression of ATP7A
makes the cells tolerate highly toxic amounts of copper
in their immediate environment (Camakaris et al.,
1995). Superior tolerance is manifested by forced expul-
sion that prevents copper accumulation. The similarity
in overall appearance between ATP7A and ATP7B
might lead to the conclusion that they are similarly dis-
tributed. ATP7B, in contrast to the membrane associa-
tion of ATP7A, resides within an internal organelle of
the cell, where it functions to incorporate copper into
apo-ceruloplasmin. This process takes place in either
the ER or a Golgi compartment. Additionally, the
protein works to force the release of copper into the bile
(Harris, 2000).

The structure of ATP7A contains a comparatively
large, heavy-metal binding domain (Hmb). This
domain is comprised of six metal-binding cysteine clus-
ters within the structural motif glycine-methionine—
threonine/histidine—cysteine—X—serine—cysteine which
contain eight transmembrane (Tm) regions. The
purpose of these Tm regions is to guarantee anchorage
and orientation of the protein. The correct assembly
defines the channel through which copper ions pass.
ATP7A is a type II membrane protein and is thus
defined because both the —NH, and the —COOH
termini are on the cytosolic side of the membrane. Two
flexible loops, one on a 135-residue chain and the
second on a 235-residue chain, extend into the cytosol.
The smaller one is between Tm 4 and 5 and the larger
one is between Tm 6 and 7 (Harris, 2000). The bacte-
rial CopA protein contains a smaller Hmb with a single
glycine-methionine—threonine/histidine—cysteine—X-
X-X motif (Solioz er al., 1994). A yeast Cu-ATPase has
the motif at most twice, which leads one to speculate
whether the 650-residue Hmb region performs some

Extracellular Tm 1-

Cu-binding site

N

FIGURE 12 Anillustration of the Menkes’ and Wilson’s Cu-
ATPases. Eight membrane-crossing (Tm) domains are predicted
for both proteins. Most of the protein is localized in the cyto-
plasm. In addition to the ATP-binding site, phosphatase domain
and phosphorylated aspartic acid (D-phosph) is common to all
P-type ATPases. The N terminal contains six copper-binding
motifs that interact with copper chaperones. (Adapted from
Mercer 2001.)

transport-related function other than binding copper
for export. A cysteine—proline—cysteine motif in Tm 6
is thought to build the channel that allows copper in the
cytosol to be transported across the membrane (Figure
12). Copper(I) is the preferred ion to bind to ATP7A
and ATP7B. There is little or no affinity of the Hmb to
bind to Fe(II), Fe(IlI), Ca(II), Mg(II), Mn(II), or Ni(IL);
however, Zn(II) shows some binding (Harris, 2000).

The perinuclear area within the region of the cell
thought to represent the Golgi seems to be the local-
ization of ATP7A. ATP7A-loaded vesicles have been
postulated to continually be moving between the Golgi
and plasma membrane. Experiments show that high
concentrations of copper in the exterior of the cell
induce movement of the marked vesicles to the cell
boundary. The Wilson’s disease ATP7B is also localized
in the Golgi. A truncated homolog of ATP7B that lacks
four of the eight membrane-spanning domains seems to
reside in the cytosol. A structural analog of the Wilson’s
disease gene or Menkes’ disease gene, the CCC2 gene
in yeast, also encodes a P-type ATPase that exports
cytosolic copper to the extracytosolic domain of Fet3p,
a copper oxidase required for iron uptake (Harris,
2000).

The mouse homolog of ATP7A, the Atp7a, is
expressed in all tissues but is particularly strong in the
choroid plexus of the brain. The localization in the
brain, more specifically the blood-brain barrier, places
the ATPase in a strategic position to control the flow of
copper into the ventricles of the brain. An animal model
of Menkes’ disease is the macular mutant mouse. A
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gradual erosion of cytochrome ¢ oxidase activity in the
brain has been observed in this model. The effect can
be partially prevented by a single injection of copper in
an early perinatal period (Megura er 4/., 1991). Copper
shows a propensity to accumulate in brain blood vessels
and in astrocytes which apparently hinders its move-
ment to neurons (Kodama, 1993); furthermore, embry-
onic mouse liver expresses Atp7a mRNA in contrast to
adults. The rat homolog of ATP7B, Atp7b, is expressed
early only in the central nervous system, heart, and liver.
With development, Atp7b appears in intestine, thymus,
and respiratory epithelia (Kuo ez /., 1997). Transfection
assays in yeast have demonstrated that the two ATPases
share biochemical functions. Atp7b in hepatocytes from
(LEC) rats, a model for Wilson’s disease, mimics the
sequestration of ceruloplasmin in cotransfected cells.
The data support a metabolic connection between the
plasma copper protein and Wilson’s disease ATPase
(Cox & Moore, 2002). ATP7B may also be localized on
the apical surface of hepatocytes, a location that allows
the protein to expel copper ions into the bile
(Fuentealba & Aburto, 2003).

SEE ALSO THE FOLLOWING CHAPTER

Chapter 6 (Biological Functions of the Elements)
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I. ESSENTIALITY OF ELEMENTS

Much discussion has taken place with regard to how to
define the essentiality of elements, particularly trace
elements. The earliest definition was actually borrowed
from protein chemistry. In this definition, an element is
essential if:

e It is present in living tissues at a relatively constant
concentration.

* It provokes similar structural and physiological
anomalies in several species when removed from
the organism.
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* These anomalies are prevented or cured by
supplementation of the element.

The current definition, suggested by an expert
consultation of the World Health Organization/Food
and Agricultural Organization/International Atomic
Energy Agency (Mertz, 1998), states:

An element is considered essential to an organism when
reduction of its exposure below a certain limit results
consistently in a reduction in a physiologically impor-
tant function, or when the element is an integral part
of an organic structure performing a vital function in
the organism.

The concept of essentiality has the practical conse-
quence that it is necessary to supply an organism
with adequate amounts of the concerned elements. An
immediate question raised by this consequence is how
much is adequate. For most elements, ranges of safe and
adequate intakes have been defined. In some cases,
however, there is considerable uncertainty regarding the
limits of such ranges. Adequate intakes do vary substan-
tially among elements, in both amount and width of the
range. In very general terms, the range may be visualized
as shown in Figure 1. For a detailed discussion of defi-
ciencies and toxicities, the readeris referred to Chapter 8.

Copyright © 2005, Elsevier Inc.
All rights reserved.
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TABLE I. Abundance by Mass of Major and Minor
Elements in the Human Body

TABLE II. Abundance of Certain Trace Elements in
the Human Body by Mass (ug g)

Element Mass Percent Element Mass Percent Element Mass Fraction Element Mass Fraction
Oxygen 65.0 Magnesium 0.50 Arsenic 0.26 Manganese 0.17
Carbon 18.0 Potassium 0.34 Bromine 29 Molybdenum 0.08*
Hydrogen 10.0 Sulfur 0.26 Cobalt 0.021 Nickel 0.14
Nitrogen 3.0 Sodium 0.14 Chromium 0.094 Selenium 0.11
Calcium 1.4 Chlorine 0.14 Copper | Silicon 260
Phosphorus 1.0 — — Fluorine 37 Tin 0.24
Iron 60 Tungsten 0.008*
lodine 0.19 Vanadium 0.11*
Lithium 0.009* Zinc 33
Eunction *Estimated from lyengar et al., (1978) and Li (2000).
table; thus, 73 are trace elements. Of these 73, 18 are
Interval idered b ial ibl ial
Deficiency . Toxicity considere 'to' e essentlz} or possibly essential trace
and elements: lithium, vanadium, chromium, manganese,
a?r‘;g‘l‘(zte iron, cqbalt, nickel, copper, zinf:, tungsten, molybd.e—
num silicon, selenium, fluorine, iodine, arsenic,
bromine, and tin. Their abundance in the human body
is reflected in Table II.
Dose or

intake

FIGURE 1 Dose-response of essential trace elements.

II. MAJOR, MINOR, AND TRACE
ELEMENTS IN BIOLOGY

Eleven elements seem to be consistently abundant in
biological systems: hydrogen, oxygen, carbon, nitrogen,
sodium, potassium, calcium, magnesium, phosphorus,
sulfur, and chlorine. In humans, these elements com-
prise 99.9% of the atoms. Usually, these elements are
divided into two groups of major and minor elements.
The major elements—hydrogen, oxygen, carbon, and
nitrogen—make up 99% of the atoms, or just over 96%
of the body mass. Sodium, potassium, calcium, magne-
sium, sulfur, and chlorine comprise 3.78% of the body
mass (Table I).

The entire group of noble gases is excluded from con-
sideration because their chemical properties make them
unlikely to fulfill any biological function. The remain-
ing elements are considered to be trace elements. There
are 90 naturally occurring elements in the periodic

Several problems are associated with proving the
essentiality of trace elements. Experiments are based
upon the general acceptance that, if an essential trace
element is completely withdrawn from the diet of
experimental animals, signs and symptoms of a defi-
ciency should occur, such as growth retardation and loss
of hair. When a state of deficiency has been established,
supplementation of the trace element should alleviate
these symptoms and reverse the deficiency state. The
first basic problem is that it is not possible to completely
eliminate every bit of an element in food. Even if this
were possible, the analytical techniques are inadequate
due to their limits of detection. A second problem is that
when essentiality is being evaluated, there is usually no
well-grounded hypothesis for a possible biological func-
tion. Withdrawal of one essential trace element from
the diet may result in altered uptake patterns for other
trace elements, which makes results ambiguous. Most
results have been obtained on plants and rodents.
Veterinary medicine has contributed with information
on the essentiality of elements in domestic animals.
When it comes to humans, however, our knowledge of
essential trace elements is less advanced for obvious
reasons.

The essentiality of 12 of the trace elements in Table
IT is generally agreed upon, although perhaps not for all
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biological species. Without exhausting the available
data on vanadium biology, a conspicuous property of
ascidians must be pointed out. The blood cells of some
ascidians accumulate vanadium at a degree of 107 as
compared to the sea concentration. Ascidia gemmata has
been shown to have the highest vanadium concentra-
tion—350mM—which corresponds to about 1.7%
(Michibata et 4l., 2002).

IIl. BRIEF DESCRIPTION OF THE
FUNCTION OF MAJOR ELEMENTS

Because the human body is roughly 71% water, it is not
surprising that the quantities of hydrogen and oxygen
are so substantial. Water makes up more than two-
thirds of the weight of the human body, and without
water a human would die in just a few days. All the cell
and organ functions depend on water for functioning.
It serves as a lubricant and forms the base for saliva and
the fluids that surround the joints. Water regulates body
temperature, as cooling and heating occur through
perspiration. Water helps to alleviate constipation
by moving food through the intestinal tract, thereby
eliminating waste. Water also contributes to the high
contents of oxygen in the body.

A. A Few Important Points About Hydrogen

Hydrogen is a very special element in biology. It appears
in three states, H" (cation), H— (a covalently bound
state), and H™ (anion). It is a very strong acid as a proton
(H"). In the H— form, it takes part in stable non-metal
bonds such as C—H and N—H. Even in the presence
of dioxygen, these bonds are kinetically stable. Hydro-
gen can also be transferred from a non-metal, not just as
H* or H— but also as H™ (Fratsto da Silva & Williams,
2001). This makes it possible for hydrogen atoms to
take part in one- or two-electron processes. Many bio-
logical redox reactions are based upon this property.

B. Carbon: The Backbone of Organic
Chemistry and Biochemistry

In the chemical sense, use of the term “organic” means
that carbon is involved; thus, an organic compound
contains carbon atoms, and organic chemistry is the

chemistry of carbon compounds. There are a few excep-
tions, however, as oxides, carbonates, and cyanides are
considered inorganic compounds. Biochemistry, the
chemistry of life, is a special branch of organic chem-
istry. Slightly contradictory is the fact that biochemistry
involves both organic and inorganic compounds. To be
more precise, it is appreciated in this field of study that
the large molecules found in cells all contain carbon but
many of the small molecules may be inorganic. A carbon
atom is capable of combining with up to four other
atoms, but in some cases a carbon atom combines with
fewer than that. These bonds are covalent. Not only can
a carbon atom form covalent bonds with four other
atoms, but it can also combine with other carbon atoms;
thus, carbon atoms can form chains and rings onto
which other atoms can be attached. The atomic number
of carbon is six; it has two electrons in the K shell and
four in the L shell. Carbon must gain or lose four elec-
trons to be ionized, but this process is difficult so instead
it shares electrons to fill its L shell. In summary, carbon
turns out to be a very versatile atom. The organic com-
pounds in biology are represented by carbohydrates,
lipids, proteins, and nucleic acids.

1. Carbobydrates

Carbon, hydrogen, and oxygen comprise most of the
carbohydrates. For each carbon and oxygen there are
two hydrogen atoms (i.e., CH,0). Carbohydrates
perform a series of important functions in biology, such
as short-term energy storage (e.g., monosaccharides),
long-term energy storage (e.g., starches and glycogen),
and structural support (e.g., cellulose found in all plant
cell walls), as well as important components of DNA
and RNA.

2. Lipids

Lipid molecules are insoluble in polar solvents such as
water. They dissolve in nonpolar solvents, and they are
nonpolar. Lipids work as energy storage molecules, as
insulation and protection for internal organs, as lubri-
cants, and as hormones. Additionally, phospholipids are
the major structural elements of membranes that are
composed of a bilayer of phospholipids.

3. Proteins

Amino acids can be combined to form peptides, in
which case the order of the amino acids is significant.
The amino acids consist of an amino (-NH) group and
a carboxylic acid (~CO,H) group bonded to a central
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carbon atom. When the combination of amino acids
exceeds more than about ten amino acids, the resulting
peptide is referred to as a polypepride. If the number of
amino acids in a combination is more than 50, the mol-
ecule is referred to as a prorein. The most important
function of proteins is to maintain and drive the reac-
tions of cells; however, additional properties include
acting in supportive tissue like cartilage, and they are
involved in muscle movement. Many proteins are
enzymes, and their association with trace elements is
described later in this chapter.

4. Nucleic Acids

Ribose, which is a monosaccharide, interacts with
nitrogenous bases to form nucleosides such as adeno-
sine. When nucleosides exist in cells mainly in the form
of esters with phosphoric acid they are called nucleotides.
If the sugar is ribose, the molecule is called 7ibonu-
cleotide. The two nucleic acids, DNA and RNA, are
polymers of nucleotides. In DNA, the bases are adenine,
cytosine, guanine, and thymine; in RNA they are the
same, except that uracil takes the place of thymine. The
nucleotides in both DNA and RNA are joined by cova-
lent bonds between the phosphate of one nucleotide and
the sugar of the next one. A chain of many nucleotides
is a polymer forming a nucleic acid.

C. Oxygen: The Savior and Reactionist

Without oxygen, humans and other mammals would
not survive. Structures with a high degree of organiza-
tion require specific transport mechanisms, and it is
well known that in mammals oxygen is transported in
the blood by hemoglobin; however, other oxygen-
transporting molecules, such as hemerythrin, are used
by some marine invertebrates, and hemocyanin is
found, for example, in snails. In muscles, the diffusion
of oxygen is facilitated by myoglobin. Oxygen is inti-
mately involved in the production of energy-rich mol-
ecules (adenosine triphosphate, or ATP) which takes
place in the mitochondrial membrane. The reduction of
dioxygen to water requires the transfer of four electrons
onto dioxygen at the same time:

O;+4e” +4H* - 2H,0

Such a process, however, is not chemically possible;
instead, on the way to becoming water, dioxygen passes
through stages of aggressive power: the superoxide
anion (O3"), hydrogen peroxide (H,O,), and the
hydroxyl radical (OH"). All three intermediates are

extremely reactive. Even hydrogen peroxide is very
reactive, although it is not a radical. Electron- and
proton-transfer reactions are extremely rapid, so the
reactive intermediates are generally kept in the enzyme.
In summary, the reduction of dioxygen to water involves
four one-electron transfers:

0, -0 —-H,0,-0H" - H,O

Nature has evolved protective functions to take care of
leaking intermediates. The superoxide anion is metab-
olized by superoxide dismutase to hydrogen peroxide,
which is metabolized to water by catalase or glutathione
peroxidase without releasing the extremely reactive
hydroxyl radical. This balance, however, is delicate, and
attacks from metals may result in the release of radicals.
The plethora of reactions and functions that could be
described for oxygen are too voluminous to present
in this chapter, and the reader is referred to standard
biochemistry textbooks.

D. Nitrogen Fixation

The supply of nitrogen to biological systems comes
from gaseous N,, which is very abundant in the atmos-
phere (80%). The bond between the nitrogen atoms is
very strong; hence dinitrogen is chemically unreactive.
Similar to dioxygen, dinitrogen has to be reduced in
order to be biologically available. Reduction to
ammonia requires a very specific and sophisticated
enzyme in a process known as nitrogen fixation.

In the biosphere, most nitrogen fixation is carried out
by a few species of bacteria that synthesize the enzyme
nitrogenase. This enzyme is found in the species Rhizo-
bium, living in symbiosis with root nodules of many
leguminous plants, such as beans, peas, alfalfa, and
clover. Nitrogen fixation also takes place in free-living
soil bacteria such as Azobacter, Klebsiella, and Clostridium
and by cyanobacteria found in aquatic environments.

Two proteins comprise nitrogenase. One of them
contains a [4Fe-4S] cluster, and the other has two
oxidation—reduction centers. Iron is involved in one
of these centers, molybdenum in the other. The net
reaction is

N, +8H" +8¢~ +16ATP —
2NH; +H, +16ADP +16P;

"To obtain the reducing power and ATP required for this
process, symbiotic nitrogen-fixing microorganisms rely
on nutrients obtained through photosynthesis carried
out by the plant with which they are associated.
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IV. BRIEF DESCRIPTION OF THE
FUNCTIONS OF MINOR ELEMENTS

The minor elements in biology are comprised of
sodium, magnesium, phosphorus, sulfur, chlorine,
potassium, and calcium. The biological functions of
the minor elements are discussed in three groups: (1)
sodium, potassium, and chlorine; (2) magnesium and
phosphorus; and (3) calcium.

A. Sodium, Potassium, and Chlorine:
Interactions and Ion Properties

Life evolved from water. Do concentrations of abundant
elements in sea- or freshwater reflect this evolution?
"Table III makes a crude comparison between seawater
and blood serum. It shows that intracellular concentra-
tions are in most cases much lower than extracellular,
the exception being potassium, which is an abundant
intracellular ion. To function properly, organisms must
actively pump sodium and chloride out of cells and
actively take in potassium. It is not quite clear why life
must reject the most abundant anion (CI”) and the most
abundant cation (Na®), although this is probably due to
a need for the cellular stability that comes from main-
taining an osmotic balance. Maintaining the intracellu-
lar and extracellular balance requires active transport
processes that require considerable energy. For details
regarding uptake and transport processes, the reader is
referred to Chapter 5.

TABLE I1l. Concentrations of Free Cations and
Anions of Calcium, Magnesium, Potassium, and
Sodium in Seawater, Human Blood Serum,

and Human Red Cells (mmol/L)

lon Seawater Serum Red Cells
Calcium 10.25 2.20-2.55 107
Magnesium 53.60 0.76-1.10 25
Potassium 9.96 3.5-5.1 92
Sodium 471 136-146 Il
Chloride 549 98-106 50
Bicarbonate — 22-29 10?
Phosphate 2x 107 0.74-3.07 10?

1. Biological Functions of Sodium,
Potassium, and Chloride

Circuits maintained by K*, Na*, and CI" generally
control the following properties in all cells of all
organisms:

® Osmotic pressure

* Membrane potentials

¢ Condensation of polyelectrolytes

* Required ionic strength for activity

The first two properties are quite easy to understand;
however, condensation of polyelectrolytes may have to
be clarified. Biopolymers are polyelectrolytes; DNA, for
example, possesses a linear series of charges. Other
polyelectrolytes such as fats show two-dimensional
arrays, whereas proteins have curved surfaces not
seldom almost spherical. The surfaces of polyelec-
trolytes are stabilized by the surrounding ionic
environment mainly due to sodium, potassium, and
chloride ions.

Absorption of glucose, or any molecule for that
matter, entails transport from the intestinal lumen,
across the epithelium and into blood. The transporter
that carries glucose and galactose into the enterocyte is
the sodium-dependent hexose transporter, known more
formally as SGLUT-1. As the name indicates, this
molecule transports both glucose and sodium into the
cell and, in fact, will not transport either alone.

The essence of transport by the sodium-dependent
hexose transporter involves a series of conformational
changes caused by the binding and release of sodium
and glucose. It can be summarized as follows:

* The transporter is initially oriented facing into the
lumen, and at this point it is capable of binding
sodium, but not glucose.

¢ Sodium binds, which induces a conformational
change that opens the glucose-binding pocket.

* Glucose binds, and the transporter reorients in the
membrane such that the pockets holding sodium
and glucose are moved inside the cell.

* Sodium dissociates into the cytoplasm, which causes
glucose binding to destabilize.

* Glucose dissociates into the cytoplasm, and the
unloaded transporter reorients back to its original,
outward-facing position.

Sodium is intimately involved in vitamin transport. For
example, the uptake of biotin, a member of the vitamin
B complex, is dependent on the sodium-dependent mul-
tivitamin transporter, or SMV'T (Stanley et 4/., 2002).
There are also indications that the transport in brain
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parenchyma of N-acetylaspartate (the second most
abundant amino acid in the adult brain) is accomplished
by a novel type of sodium-dependent carrier that is
present only in glial cells (Sager ez 4., 1999).

Sodium is also closely connected to the transport of
vitamin C. It has been shown that the sodium-depen-
dent vitamin C transporter (SVCT) is responsible for
an age-dependent decline of ascorbic acid contents in
tissues (Michels ez /., 2003). The transport of vitamin
C into the brain relies heavily on the sodium-depen-
dent ascorbic-acid transporter Slc23al (Sotiriou et 4l.,
2002). A conspicuous finding of Handy ez a/. (2002) was
that copper uptake across epithelia seems to be sodium
dependent.

Experiments have shown the presence of an ouabain-
insensitive, potassium-dependent p-nitrophenylphos-
phatase in rat atrial myocytes. This enzyme is suggested
to be an isoform of an H-transporting, potassium-
dependent adenosine triphosphatase (Zinchuk et 4l.,
1997). The enzyme pyruvate kinase requires potassium
for maximal activity (Kayne, 1971); however, it was
recently shown that in the absence of potassium
dimethylsulfoxide induces active conformation of the
enzyme (Ramirez-Silva ez al., 2001).

There is an interesting coupling of sodium and chlo-
ride in the transport of the neurotransmitter gamma-
aminobutyric acid (GABA). The removal of GABA
from the extracellular space is performed by sodium-
and chloride-dependent high-affinity plasma membrane
transporters (Fletcher ez 4/., 2002). It has been suggested
that chloride is involved in the regulation of proteoly-
sis in the lysosome through cathepsin C. This enzyme
is a tetrameric lysosomal dipeptidyl-peptide hydrolase
that is activated by chloride ion (Cigic & Pain, 1999).
Alpha-Amylases have also been shown to be chloride
dependent (D’Amico ez 4l., 2000).

B. Magnesium and Phosphate:
Close Connections

In contrast to many metal and non-metal ions, magne-
sium is rather homogeneously distributed in organisms
with about the same intra- and extracellular concentra-
tion of 10~ M. It is also unique among the biological
cations due to its size, charge density, and structure in
aqueous solution, as well as its aqueous chemistry.
These properties make magnesium generally different
from all other cations, monovalent or divalent. Mg** has
the largest hydrated radius of any common cation; in
contrast, its ionic radius (i.e., minus waters of hydration)

is among the smallest of any divalent cation (Kehres &
Maguire, 2002). Magnesium is an essential element, a
fact that was first demonstrated 77 years ago (Leroy,
1926); however, its general role in cellular function is
poorly understood.

Although there does not seem to be any significant
chemical gradient, the net electrochemical gradient
for Mg®* is markedly directed inward because of the
negative membrane potential inside; consequently,
mechanisms must be in place for maintaining a low
intracellular free Mg™* concentration and to regulate
Mg’ homeostasis. At least two transport processes have
been discovered; one is sodium dependent and the other
works even in the absence of sodium. The sodium-
dependent exchanger operates with a 3Na},:1Mgh,
ratio (Romani & Maguire, 2002). Various monovalent
and divalent cations may replace the Na" when sodium
is absent. In that case, the stoichiometry is 1: 1 (Romani
& Maguire, 2002). The physiological significance of
this mechanism is, however, unclear as low extracellu-
lar concentrations of sodium are unlikely.

1. Hormonal Regulation of Magnesium Homeostasis

In physiological terms, it is reasonable to envision that,
because hormones stimulate Mg** extrusion, other
hormones or agents must also operate in eukaryotic
organisms to promote Mg’* accumulation and the
maintenance of Mg”* homeostasis (Romani & Maguire,
2002). The mechanism behind hormonal regulation
seems to be hormones or agents acting on the produc-
tion of cyclic AMP. Another possibility is that activat-
ing a protein kinase C pathway decreases cyclic AMP in
many tissues. An exiting finding was identifying the
protein family Mrs2p in mitochondria; this is the first
molecularly identified metal ion channel protein in the
inner mitochondrial membrane.

2. Magnesium Binding and Magnesium Enzymes:
Magnesium and Phosphbates

The best known example of the very strong binding of
magnesium ions is the Mg** in chlorophyll. A few other
cases are ATP-synthetases in thylakoids and mitochon-
dria and in the ATPases of muscles. Nucleoside diphos-
phates and triphosphate, both in aqueous solution and
at the active site of enzymes, usually are present as com-
plexes with magnesium (or sometimes manganese) ions.
These cations coordinate with oxygen atoms of the
phosphate groups and form six-membered rings with
ADP or ATP (Figure 2). A magnesium ion can form
several different complexes with ATP. In solution,
formation of the B,y complex is favored.
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FIGURE 2 Mg* complexes with ADP and ATP.

Glycolysis is one of two important pathways in car-
bohydrate metabolism. The other is the pentose phos-
phate pathway. Both pathways provide energy to cells
and both are also involved in the formation and degra-
dation of other molecules such as amino acids and lipids.
The glycolysis pathway has ten enzyme-catalyzed steps.
In one of them, 2-phosphoglycerate is dehydrated to
phosphoenolpyruvate in a reaction catalyzed by enolase.
This enzyme requires Mg** for activity. Two magnesium
ions participate in this reaction: A “conformational” ion
binds to the hydroxyl group of the substrate and a “cat-
alytic” ion participates in the dehydration reaction.
Some other magnesium-dependent enzymes of the
general metabolism are shown in Table IV together
with their biological functions.

3. Magnesium and Nucleic Acid Biochemistry

Monovalent metal ions such as Na* and K* act more or
less as bulk electrolytes to stabilize surface charge. Diva-
lent magnesium, on the other hand, interacts with
nucleic acids with higher affinity. The role of Mg** is to
neutralize negative charges from phosphates, either
electrostatically or by forming hydrogen bonding net-
works from waters of solvation. Mg”* may lower the pK,
of coordinated water, thereby facilitating phosphate
ester hydrolysis. It is becoming increasingly clear that
many drug molecules interact with DNA in a specific
and Mg**-dependent manner. An understanding of the
latter may aid in the design of other novel DNA binding
drugs (Sreedhara & Cowan, 2002).

In addition to the enzymes noted in Table IV, it is
worth mentioning a newly discovered class of enzymes
requiring magnesium. Several categories of RNA have
been found to catalyze reactions autonomously without
protein or with only secondary protein assistance.
Ribozymes are RNA molecules adopting three-dimen-

TABLE IV. Some Examples of Magnesium-
Dependent Enzymes and Their Functions

Enzymes Function

Kinases G-transfer reactions
Adenylate cyclase cAMP formation from ATP
ATPases Hydrolysis of ATP

Alkaline phosphatase
Isocitrate lyase

Splitting off phosphorus

Formation of succinate and glyoxylate
in the citric acid cycle

Glutamate receptor

Carboxylation and oxygenation of
ribulose bisphosphate

Hydrolysis of ATP in muscles

Hydrolysis of phosphodiesters in
nucleic acids

Restriction enzymes cleaving DNA,
for example

Methyl aspartase

Ribulose bisphosphate
carboxylase

Myosin ATPase

Nucleases

GTP-dependent
enzymes

sional structures that allow them to catalyze a variety of
chemically important reactions, including but not
restricted to phosphate ester hydrolysis, amide bond
formation, and ligation (Sreedhara & Cowan, 2002).
Divalent magnesium seems to be involved in both the
structure of RNA and the catalytic mechanism of
ribozymes. Other metals such as manganese and
calcium might take part in this structural and catalytic
mechanism. Due to the intracellular abundance of
magnesium, this would be the preferred metal ion.
Cleavage of RNA is yet another exciting Mg*-
dependent process of ribozymes.

4. Magnesium and Photosyntbesis

As living organisms became abundant on the primitive
Earth, their consumption of organic nutrients produced
by geochemical processes outpaced production. Devel-
oping alternative sources of organic molecules that
provided energy and the raw materials required for
biosynthetic processes became critical for survival. The
abundant CO; in the Earth’s early atmosphere was a
natural carbon source for organic synthesis; hence, pho-
tosynthesis became the pragmatic solution to the
problem. Organisms capable of photosynthesis include
certain bacteria, cyanobacteria (blue-green algae), algae,
nonvascular plants, and vascular (higher) plants. Photo-
synthesis is also the source of the Earth’s molecular
oxygen. With the exception of anaerobic bacteria, all
organisms capable of photosynthesis give off O, as an
end product.



122 BrorocicaL FuncTioNs oF THE ELEMENTS

The net reaction of photosynthesis is:

light
COZ + HzO e (CHzo) + Oz

where (CH,O) represents carbohydrate. The oxidation
of water, a thermodynamically unfavorable reaction, is
driven by solar energy. Electrons from this oxidation
pass through electron-transport systems that resemble
the mitochondrial electron-transport chain. Photo-
synthesis encompasses two major processes that can
be described by two partial reactions:

light
H,O+ADP+P, + NADP* —
0,+ATP+NADPH+H*
CO,+ATP+NADPH+H" —
(CH,0)+ADP+P; + NADP*
light

Sum: COZ + Hzo i (CH20)+OZ

Photosynthesis takes place in chloroplasts. Chlorophyll
is the most abundant pigment involved in the light har-
vesting, and the tetrapyrrole ring of chlorophylls, called
chlorine, is similar to heme but contains Mg** chelated
to the nitrogen atoms of the ring (Figure 3). Chloro-
phylls a and b are the most abundant types. Magnesium
ions are inserted into the chlorin ring through the
action of a chelatase enzyme. Without the enzyme,
magnesium could not combine with chlorins. Other
metal ions, such as Zn**, Cu**, and Fe**, are more likely
to combine with chlorins.

Mg’ has an additional function in the chloroplast.
When light shines on the thylakoids, pH drops to about
4.0. The protons force Mg** out of the thylakoid, and
some chloride enters. The consequence is increased

FIGURE 3 Magnesium in chlorophyll.

levels of Mg** in the stroma, where magnesium activates
the carboxylase rubisco for incorporation of CO, into
ribulose bisphosphate. This reaction is a step in the
Calvin cycle of photosynthesis.

C. Calcium: Messenger and Support

Calcium has a plethora of functions in biology, and new
roles are still being discovered. Calcium triggers new
life at fertilization. It controls several developmental
processes, and when cells have differentiated it func-
tions to control such diverse cellular processes as
metabolism, proliferation, secretion, contraction, learn-
ing, and memory (Jaiswal, 2001). The best known
function of calcium is its being an integral component
of bone and teeth phosphates. Of the approximately
2.14kg of calcium in the entire body, the skeleton
contains 1.1kg and the soft tissues 13.8g. The bulk of
the calcium, therefore, is contained in the skeleton as
more or less crystalline calcium phosphate (called bone
apatite), and it promotes the stability and rigidity of
bones. Although only a minor portion is contained
in soft tissues, the role of calcium here should not be
overlooked. Control over metabolic processes probably
involves a calcium-dependent step (Table V).

TABLE V. Calcium-Controlled Events in Cells

Activity Controlled Events or Systems

Photosynthesis
Oxidative phosphorylation
Receptor responses

Dioxygen release

Dehydrogenases

Nerve synapse

IP3-linked reactions

Muscle triggering (actomysin)

Cell filament controls

Activation of kinases (e.g., in
fertilization)

Numerous enzymes inside cells

Annexin-like proteins modulate
tension

Contractile devices
Phosphorylation

Metabolism
Membrane/filament
organization
Cell division S-100 proteins, immune system
Cell death (apoptosis) Internal proteases
Hormone/transmitter release Homeostasis
Binding to membranes C-2 domains of enzymes
Cross-linking Outside cells
Enzyme-activation Qutside cells; in membranes

Source: Adapted from Frausto da Silva and Williams (2001).
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FIGURE 4 Normal daily calcium exchange.

1. Calcium Homeostasis

Only a minor proportion of skeletal calcium (about 1%)
is rapidly exchangeable with plasma, although remodel-
ing of bone results in the turnover of nearly 20% of
skeletal calcium each year. Approximately 1% of body
calcium is present in the extracellular fluid, where func-
tions include the regulation of neuromuscular excitabil-
ity and acting as a cofactor for clotting enzymes. The
gradient of extracellular to intracellular free calcium
is around 10,000:1, although cellular calcium is also
found as insoluble complexes. Within cells, free calcium
ions (Ca®) regulate the activity of various enzymes
directly and also exert second-messenger hormonal
functions by interaction with calcium-binding proteins
such as troponin C and calmodulin.

The normal daily calcium exchange is represented in
Figure 4. Calcium in the gastrointestinal tract originates
from the diet and also from secretions. Approximately
half is absorbed, mainly in the upper small intestine
(jejunum and duodenum), by active transport. Up to
250mmol calcium is filtered daily by the kidney. With
the majority reabsorbed in the proximal tubule and loop
of Henle, urinary excretion is normally 2.5 to 7.5 mmol
L', depending on uptake. The small amounts lost in
sweat are usually insignificant, unless profuse sweating
occurs for a prolonged period.

Parathyroid hormone (PTH) is a key regulatory
hormone of calcium metabolism whose secretion is
stimulated by low plasma Ca** concentrations and by
low plasma magnesium concentrations. The physiolog-
ical importance of regulation by magnesium is unclear,
although magnesium depletion can cause hypocalcemia.
The secretion of PTH is inhibited by increased Ca**
levels. Within the parathyroid glands, PTH is tran-
scribed as an 115-amino-acid polypeptide and processed
to form an 84-amino-acid polypeptide, in which form it

Low levels
stimulate

secretion

+ Careabsorption
1+ Phosphate reabsorption
{ Bicarbonate reabsorption

+Caabsorption
f Calcitriol synthesis /

FIGURE 5 Hormonal control of calcium metabolism.

+Bone resorption
$Carelease

is stored prior to secretion. The biological activity of
PTH is contained within a 32- to 34-amino-acid frag-
ment of the molecule located at the N-terminal end.
Following secretion, PTH is cleaved, mainly in the
liver, to produce two fragments, one of which is an inac-
tive (C-terminal) fragment. P'T'H is usually measured in
blood by assays that depend on immunoreactivity rather
than biological activity (immunoassays). In renal failure,
the rate of metabolism of the C-terminal fragment is
reduced as the kidney normally removes this. If assays
for measuring PTH are based on the immunoreactivity
of the C-terminal end of the molecule, levels may
appear higher than would be apparent if biological
activity were determined. This is important, because
renal failure causes secondary hyperparathyroidism.

The main effect of PTH is to raise plasma Ca** con-
centrations through actions on bones, the kidney, and,
indirectly, the gastrointestinal tract (Figure 5). In the
bones, PTH stimulates osteoclast activity, while in the
kidney it increases the reabsorption of calcium and
reduces the rate of transport of phosphate and bicar-
bonate. PTH also stimulates the hydroxylation of
25-hydroxycholecalciferol to form calcitriol, which then
acts on the gut to increase calcium and phosphate
absorption.

Vitamin D is converted to its biologically active form,
1,25-dihydroxycholecalciferol (calcitriol) by successive
hydroxylations in the liver and kidney. Calcitriol stim-
ulates intestinal absorption of calcium and phosphate by
regulating the synthesis of a protein that transports
calcium across the enterocyte. In addition, calcitriol is
required for normal mineralization of bone, which is
defective in deficiency states. Weakness of skeletal
muscles also occurs in vitamin D deficiency, which



124 BrorocicaL FuncTioNs oF THE ELEMENTS

responds to supplements. This suggests that vitamin D
is important for normal skeletal function, although the
basis of this is not understood.

2. Calcium Signaling

The development and improvement of analytical
methods to qualitatively and quantitatively determine
the presence of specific elements are of profound
importance for understanding their biological roles.
Calcium is no exception in this respect. The ability of
cells to precisely regulate the cellular concentrations of
free and bound calcium both in time and space is a
feature that adds to the versatility of the calcium ion.
Calcium plays an important role in cellular signaling
and therefore has been classified as one of the major
second-messenger molecules. Calcium signals control a
vast array of cellular functions, ranging from short-term
responses such as contraction and secretion to longer
term control of transcription, cell division, and cell
death (Berridge et al., 2000; Venkatchalam et al., 2002).
Eukaryotic cells have developed specialized internal
Ca’ stores that are localized in the sarco- or endoplas-
mic reticulum (Carafoli & Klee, 1999; Sorrentino &
Rizzuto, 2001), at least for higher vertebrate cells.
These stores represent a significant contribution to
intracellular signaling, as the stores can release Ca*
either in conjunction with or independently of the Ca**
entry pathways localized on the plasma membrane after
stimulation by agonists (Sorrentino & Rizzuto, 2001).
Molecular studies have both identified the genes and
characterized the proteins participating in intracellular
Ca* homeostasis (Carafoli & Klee, 1999; Sorrentino &
Rizzuto, 2001).

Intracellular Ca’* stores have a specific molecular
organization with regard to the way in which Ca** is
released through specific intracellular Ca’™ release
channels (ICRCs). Accumulation and storage, however,
are mediated by dedicated Ca** pumps and Ca’* binding
proteins, respectively.

Ca’ release from intracellular stores is mediated by
channels encoded by a superfamily of genes, which
includes three genes encoding channels capable of
binding the vegetal ryanodine (RY) receptors and three
genes encoding channels that bind inositol (1,4,5)-
trisphosphate  (IP3  receptors). These should be
common for vertebrates (Sorrentino & Rizzuto, 2001).
In most nonexcitable cells, the generation of receptor-
induced cytosolic calcium signals is complex and
involves two interdependent and closely coupled com-
ponents: the rapid, transient release of calcium from

stores in the endoplasmic reticulum and then the slow
and sustained entry of extracellular calcium (Putney
& McKay, 1999; Berridge er al., 2000; Venkatchalam
et al., 2002). Through the activation of phospholipase
C subtypes, G-protein-coupled receptors and tyrosine-
kinase-coupled receptors generate the second messen-
ger inositol (1,4,5)-trisphosphate and diacylglycerol.
Doing so functions as a chemical message that diffuses
rapidly within the cytosol and interacts with inositol-
trisphosphate receptors located on the endoplasmic
reticulum lumen and generates the initial calcium signal
phase (Sorrentino & Rizzuto, 2001).

3. Structural Role of Calcium

Bone is not a static tissue, although it would be easy to
think that when growth is finished bone does not
change anymore; however, bone is a very dynamic tissue
undergoing continuous destruction and remodeling.
This process is important for the maintenance of bone
volume and calcium homeostasis. The cells responsible
for these dynamics are osteoblasts and osteoclasts,
respectively. Osteoblasts produce bone matrix proteins,
of which type I collagen is the most abundant extracel-
lular bone protein. In addition, osteoblasts are critical
to mineralization of the tissue (Aubin & Triffitt, 2002;
Katagiri & Takahashi, 2002). Undifferentiated mes-
enchymal cells become osteoblasts, chondrocytes,
myocytes, and adipocytes. Progenitor cells acquire
specific phenotypes that are under the control of
regulatory factors during the differentiation. Bone
morphogenetic proteins (BMPs) play critical roles in
the differentiation of the mesenchymal cells to
osteoblasts (Katagiri & Takahashi, 2002).

Osteoclasts are multinucleated cells responsible for
bone resorption. They are differentiated from
hematopoietic cells of monocyte/macrophage lineage
under the control of bone microenvironments. The
presence of ruffled borders and a clear zone is charac-
teristic for these cells (Viininen & Zhao, 2001).
Osteoblasts or bone marrow stromal cells have been
shown to regulate osteoclast differentiation, thus pro-
viding a microenvironment similar to bone. The resorb-
ing area under the ruffled border is acidified by vacuolar

“~ATPase. A clear zone surrounds the ruffled border.
This zone allows for the attachment of osteoclasts to the
bone surface and maintains a microenvironment favor-
able for bone resorption. The recent discovery of the
tumor necrosis factor (TNF) receptor-ligand family
has clarified the molecular mechanism of osteoclast
differentiation (Katagiri & Takahashi, 2002).
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D. Sulfur Bioinorganic Chemistry

About 10 nonmetallic elements are essential for life. Of
these, sulfur stands out due to its astounding chemical
versatility. This versatility is reflected by several papers
dealing with the biology of sulfur—for example, the
chemistry of sulfane sulfur, disulfide as a transitory
covalent bond and its significance in protein folding, the
role of protein sulfenic acids in enzyme catalysis and
redox regulation, and sulfur protonation in [3Fe-4S]"*
clusters. In addition, it has been suggested that sulfur
plays a role with regard to the y; sulfide, where p; indi-
cates the number of metal ions connected to a multiva-
lent ligand of Fe-S clusters in the catalysis of homolytic
reactions, such as in pyruvate—formate lyase, anaerobic
ribonucleotide reductase, 2,3-lysine amino mutase,
biothin synthase, and the thioredoxin reductase
(Beinert, 2000). A close neighbor in the periodic table,
phosphorus, works in biological systems by ionic reac-
tions in the form of its oxo-anions. In contrast, sulfur
in its most oxidized form, sulfate, is of limited use to
higher organisms except for sulfation and detoxification
reactions; rather, it is the chemical versatility of the
lower oxidation states of sulfur that is vital for anabolic
reactions (Beinert, 2000).

1. Inorganic Systems

A conspicuous example of Fe-S clusters is cytoplasmic
c-aconitase/iron regulatory protein (IRP). The aconi-
tases lose one Fe readily on exposure to O,, or even
faster to O3, with formation of the enzymatically in-
active 3Fe form [3Fe—4S]*, which can be reconstituted
to form active [4Fe-4S]** enzyme (Figure 6a). In addi-
tion, c-aconitase alternates as aconitase and, after com-
plete loss of its Fe-S cluster, as an IRP (Figure 6b) that
can bind to iron-responsive elements (IREs) in the
untranslated regions of mRNAs and thereby regulate
translation (Haile et al., 1992; Beinert et al., 1996;
Beinert, 2000). There is some spontaneous breakdown
of aconitase; however, this process is probably too slow
to be used in regulation but for subtle adjustments.

c-aconitase [4Fe-4S]% (active)— 2%, c-aconitase [3Fe-4S] (inactive)

a)
c-aconitase [4Fe4s]z*(active) — apo-c-aconitase — IRP (iron regulatory protein)
b)

FIGURE 6 Possibilities for aconitases.

FNR [4Fe-45)*(active) 2 —PNR [2Fe-25* 2 . apo-FNR (inective)

FIGURE 7 Transition from anaerobic to aerobic metabolism
in E. coli.

Agents such as NO or H,O, can speed up the process
significantly. Transition of the organism from anaerobic
to aerobic metabolism (Escherichia coli) is governed by
the global transcription regulator fumarate nitrate
reduction (FNR). FNR alternates between the active,
O,-sensing, holoform [4Fe-4S]** and the inactive form
[2Fe-2S])** and, finally, apoform during O, sensing
(Bates et 4l., 2000) by means of its very O,-sensitive
Fe-S cluster (Figure 7). Obviously, in all these cases,
there must be a continuous cycle of disassembly and
reassembly or repair of clusters in vivo.

2. Organic Systems

If the processes in which Fe-S clusters are involved are
considered primarily inorganic, it is interesting to look
for sulfur processes without the involvement of these
clusters. It appears that at least one process is devoid of
Fe-S clusters—the biosynthesis of thiamine. This
pathway is complicated and not yet fully understood
(Begley et al., 1999). Thiamine synthesis involves at
least six peptides (ThiF, S, G, H, I, ]). Cystein is the
original source of the sulfur, and the immediate donor,
which completes the heterocycle synthesis, is thiocar-
boxylate formed at the carboxyl terminus of ThiS in an
ATP-demanding reaction.

V. THE FUNCTIONAL VALUE
OF TRACE ELEMENTS

Trace elements are found in minute amounts in tissues
and body fluids. Nevertheless, they play an extremely
important role in biology. The paramount function is
to be necessary for the structure and function of signi-
ficant biomolecules, mainly enzymes. An intriguing
property of many of the trace elements is that they are
found among the transition elements, and most of them
are also in the fourth row of the periodic table. Only
boron, selenium, molybdenum, iodine, and tungsten are
found at other sites.
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A. Vanadium, Cobalt, and Nickel Are
Not Used Extensively

These trace elements are treated more or less collec-
tively without any specific chemical argument. They
can be found in the transition metal area in the periodic
table and are known to have or are suspected to have
biological functions.

1. Vanadium

The rich aqueous chemistry of vanadium suggests that
its metabolism is complex. Both the anion vanadate
(VO3) and the cation vanadyl (VO™) can complex with
molecules of physiological significance. Vanadium
species such as the oxyanion and oxycations VO;,
VO™, and VO3 are oxidizing agents capable of reacting
by one-electron transfer or by two-electron steps when
V acts as an O-atom donor. In addition, vanadium can
form sulfur-containing anionic centers (e.g., VS}) and
sulfur-containing cationic centers such as VS** and
VSSH" (Fratsto da Silva & Williams, 2001). Apart from
the strikingly high concentrations of vanadium in some
ascidians, for which there still is no clear biological
function, vanadium concentrations in tissues and body
fluids generally are low, as can be seen from Table VI.

Most of the vanadium in the vanadocytes of ascidi-
ans, which are known to be the signet ring cells, has
been shown to be in the V(III) state, with a minor part
occurring in the V(IV) state; consequently, reducing
agents have to participate in the accumulation of vana-
dium in vanadocytes. Among the proposed agents are
tunichromes. Earlier it was thought that the vanadium
incorporated by ascidians was dissolved as ionic species
or associated with low-molecular-weight substances
rather than proteins. This is in contrast to other metals
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that generally bind to macromolecules such as proteins
and are incorporated into the tissues of living organ-
isms. Michibata et 4/. (2002), however, demonstrated the
presence of a vanadium-associated protein in vanado-
cytes. This protein was estimated to associate with vana-
dium in an approximate ratio of 1:16. The protein was
comprised of three peptides of estimated molecular
weights of 12.5, 15, and 16kDa; however, the physio-
logical roles of vanadium still remain to be elucidated.

Other functions of vanadium are associated with
various defense systems, such as peroxidase and catalase
activity or haloperoxidases, as well as dinitrogen fixa-
tion. The peroxidase and catalase activity is exerted by
the vanadium-containing substance amavadine (V(IV)
bis-complex of N-hydroxyimino-di-a-propionate), the
mechanism of which is illustrated in Figure 8 (Matoso
et al., 1998). Amavanadine is found in some Amamita
toadstools. It seems that amavadine could be a kind of
primitive protective substance able to use H,O,
for self-regeneration of damaged tissues or to defend
against foreign pathogens and predators, decomposing
it when not necessary (Fradsto da Silva & Williams,
2001).

An intriguing and exciting property of vanadium is
that it mimics insulin both 7 vitro and in vive. Even
more fascinating is that vanadium as sodium vanadate
(NaVO;) was used to treat patients with diabetes mel-
litus as early as 1899 (Lyonnet et al., 1899), before
insulin was even discovered. The proposed mechanism
by which vanadyl acts is on at least three sites (Sakurai,
2002), as illustrated in Figure 9. Vanadate behaves in a
manner similar to that of phosphate; therefore, the
effects of vanadium are thought to inhibit the produc-
tion of protein phosphotyrosine phosphatase that
follows stimulation of protein tyrosine phosphorylation.
Vanadate also activates autophosphorylation of solubi-

TABLE VI.
Serum (mmol/L)

Concentrations of Vanadium in the Tissues of Several Ascidians Compared with Human

Species Tunic Mantle Branchial Basket Serum Blood Cells

Ascidia ND ND ND ND 347.2

gemmata

A. ahodori 24 1.2 12.9 1.0 59.9

A. sydneiensis 0.06 0.7 1.4 0.05 12.8
Phallusia mammillata 0.03 0.9 29 ND 19.3
Ciona intestinalis 0.003 0.7 0.7 0.008 0.6

Homo sapiens

0.000003-0.000018
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lized insulin receptors in a way similar to the insulin
activation. Vanadate also stimulates the tyrosine kinase
activity of the insulin receptor B-subunit. Both vanadate
and vanadyl are effective in stimulating glucose metab-
olism in adipocytes. Vanadate restores the expression
of the insulin-sensitive glucose transporter and induces
the recruitment of the GLUT4 glucose transporter to
the plasma membrane. The 3’,5’-cyclic adenosine
monophosphate (cAMP)-mediated protein phosphory-

lation cascade in adipocytes is activated during diabetes

2VIVI+H,0,+2H*—2VV+2H,0

e V

2VIV42-S-S—+2H*+2H,0

(b)

2VIV+QO,+2H*+H,0

(peroxidase action) (catalase action)

(a) inthe presence of adequate biological thiols

(b) in the absence of biological thiols

FIGURE 8 Peroxidase and catalase activity of amavadine.
(Adapted from Matoso et al., 1998.)

Adrenalin

Adenylate cyclase
Z a

. 4
Insulin receptor
Substrate-Pi <

v

or in the presence of adrenalin. Both glucose and
vanadyl, which are incorporated in the adipocytes in
response to vanadyl treatment, lead to the restored reg-
ulation of this cascade. Free fatty acid (FFA) release is
thought to be inhibited by vanadyl. Vanadyl, thus, acts
on at least three cell sites—phosphatidyl inositol 3-
kinase, glucose transporter, and phosphodiesterase—to
normalize both glucose and FFA levels in diabetes.

It has been demonstrated that vanadium compounds
can be used in the treatment of diabetes mellitus, and
vanadium also seems to be able to prevent the onset of
diabetes. A novel hypothesis has been proposed in
which nitric oxide (NO) production can be attributed
to macrophages (M¢). The possible mechanism is
shown schematically in Figure 10 (Sakurai, 2002). In the
macrophages of normal animals treated with VOSO,,
incorporation of vanadium and responses to enhanced
NO production are low. In the prediabetic phase of
mice treated with streptozotocin (STZ), activated Mo
exudes through pancreatic islets, and the NO produced
concomitantly by activated M¢ destroys normal islet 3
cells. The onset of diabetes by STZ administration is
proposed to be based on the enhancement of the gen-
eration of superoxide anions (-O3) in B cells. NO reacts
with -O3 to produce peroxynitrite (ONOO"). One of the
degradation products of peroxynitrite is a hydroxyl
radical (-OH). The radicals -O; and -OH destroy the

Insulin

Insulin receptor

ATP c-AMP

| Phosphatidylinositol 3-kinase |

Activated protein kinase

Activated lipase

5-AMP

FFA €4=TG

Phosphodiesterase

Glucose

Protein-tyrosine-Pi
v
GLUT-4

Translocation

Glucose transporter
(GLUT-4)

@

—» Activation ——» Transport or metabolism of the compound

FIGURE 9 Proposed mechanisms of vanadyl action. (Adapted from Sakurai, 2002.)
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cells. Treatment with VOSO, suppresses NO produc-
tion and consequently formation of -OH that damages

the B cells.

2. Cobalt

A spontaneous association with cobalt biological func-
tions is most likely with vitamin B, as cobalt is an inte-
gral cofactor in this vitamin. Although the biological

functions of vitamins are slightly out of the scope of this
book, a few comments are necessary here. Vitamin B,
is involved in four types of important reactions:

1. Reduction of ribose to deoxyribose

2. Rearrangement of diols and similar molecules
3. Rearrangement of malonyl to succinyl

4. Transfer of methyl groups

Normal-Mé

FIGURE 10 A possible mechanism of vanadium prevention
of diabetes. (Adapted from Sakurai, 2002.)

Islet B-cell

HX (HPX)

Worth mentioning is the enzyme ribonucleotide reduc-
tase that requires vitamin B, for the reduction of
ribonucleotides to the corresponding deoxyribo-
nucleotides. Not only is this reaction dependent on the
enzyme ribonucleotide reductase and vitamin By,, but
the reaction is also considered to proceed via the radical
pathway. This constitutes an interesting example of how
radicals can have important functions in biological
processes that are not destructive in nature. In vitamin
By,, cobalt is associated with a corrin ring, a relative of
porphyrin. Non-corrin cobalt is receiving increased
interest, and ten non-corrin-cobalt-containing enzymes
have been isolated (Kobayashi & Shimizu, 1999) and
characterized (Table VII).

Metionine aminopeptidase cleaves the N-terminal
methionine from many newly translated polypeptide
chains in both prokaryotes and eukaryotes. It is an
important catalyst for N-terminal modification involved
in functional regulation, intracellular targeting, and
protein turnover. The E. co/i methionine aminopepti-
dase is a monomering protein of 29kDa and consisting

TABLE VII.

Cobalt-Containing Proteins

Enzyme or Protein

Source

Cofactor content Postulated role of cobalt

Methionine aminopeptidase
Prolidase
Nitrile hydratase

Glucose isomerase
Cobalt transporter
Methylmalonyl-CoA
carboxytransferase
Aldehyde decarbonylase
Lysine-2,3-aminomutase®
Bromoperoxidase
Cobalt-porphyrin-
containing protein

Animals, yeast, bacteria

Archaea

Actinomycetes and
bacteria

Actinomycetes

Actinomycetes and yeast

Bacteria

Algae

Bacteria
Bacteria
Bacteria

2 Co per subunit
1-2 Co per subunit
I Co in each o-subunit

Hydrolysis

Hydrolysis

H,O activation, CN-triple-bond
hydration and protein folding

| Co per 4 subunits Isomerization

— Cobalt uptake

I Co, | Zn per subunit Carboxytranserfation

I Co-porphyrin per of-subunit
0.5—1 Co per subunit

~0.35 Co per 2 subunits

I Co-porphyrin per protein

Decarbonylation for aldehyde
Mutation

Bromination

Electron carrier

*Lysine-2,3-aminomutase also contains an iron—sulfur cluster, zinc, and PLP as cofactors.
Source: Adapted from Kobayashi and Shimizu (1999).
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of 263 residues that bind two Co’" ions in its active site.
The two subfamilies of cobalt-containing methionine
aminopeptidase are a prokaryotic class (type I) and a
human class (type II).

Prolidase (or praline dipeptidase) specifically cleaves
Xaa—Pro dipeptides. In concert with other endopepti-
dases and exopeptidases, prolidase is thought to be
involved in the terminal degradation of intracellular
proteins and may also function in the recycling of
proline (Ghosh er 4l., 1998).

Nitrile hydratase catalyzes hydration of nitriles to
amides (see below) and is a key enzyme involved in the
metabolism of toxic compounds. The presence of cobalt
as an essential cofactor may be explained by the effec-
tive catalysis of CN-triple bond hydration as well as a
requirement for the protein folding.

Glucose isomerase catalyzes the reversible isomeriza-
tion of D-glucose to D-fructose. Although this enzyme
requires divalent cations for the activity, its specific
requirement depends on the source of the enzyme.

Most metals that play essential roles as cofactors in
biological processes have to be actively incorporated
into cells against concentration gradients. COT'1 acts as
a cobalt toxicity suppressor in Saccharomyces cerevisine by
sequestration or compartmentalization within the mito-
chondria of cobalt ions that cross the plasma membrane
(Conklin et a4l., 1992). The cobalt transporter NhIF
mediates cobalt incorporation into the cell in an energy-
dependent manner. The sequence of this transporter
shows eight putative hydrophobic membrane-spanning
domains. NhLF contains nine histidine residues and
two cysteine residues. One histidine (His306) and one
cysteine (Cys301) residue are located on the fourth
outside loop and may comprise a cobalt-binding site for
the initial fixation of the metal. The transmembrane
segments could form a cobalt channel in which the four
histidines might function as transient cobalt-binding
ligands.

The biotin-containing enzyme methylmalonyl-CoA
carboxytransferase (transcarboxylase) is a complex
multisubunit enzyme that catalyzes the transfer of a
carboxyl group from methylmalonyl-CoA to pyruvate
to form propionyl-CoA and oxaloacetate.

Aldehyde decarboxylase converts a fatty aldehyde to
hydrocarbon and carbon monoxide. This enzyme is
responsible for a key step in the biosynthesis of hydro-
carbon compounds. Lysine-2,3-aminomutase catalyzes
the reversible isomerization of l-lysine to 1-B-lysine, a
reaction in which the hydrogen on the 3-pro-R position
of lysine is transferred to the 2-pro-R position of
B-lysine and the 2-amino group of lysine migrates
to carbon-3 of B-lysine. The enzyme contains three

cofactors: pyridoxal phosphate, Fe-S centers, and cobalt
or zinc.

Bromoperoxidase catalyzes the formation of a
carbon-bromine bond in the presence of peroxides.
More studies, however, are needed to elucidate the
function of bromoperoxidase. Other proteins contain
cobalt—porphyrins in plants and in sulfate-reducing
bacteria. The cobalt—porphyrins are not covalently
bound to the proteins. The prosthetic groups of these
cobalt-containing proteins are found to be cobalt
isobacteriochlorins.

3. Nickel

Nickel-containing enzymes are involved in at least five
metabolic processes, including the production and con-
sumption of molecular hydrogen, hydrolysis of urea,
reversible oxidation of carbon monoxide under anoxic
conditions, methanogenesis, and detoxification of
superoxide anion radicals. The active sites of the rele-
vant enzymes harbor unique metallocenters, which are
assembled by auxiliary proteins. Different ligand envi-
ronments are involved in the coordination of nickel
in the various metalloenzymes (Eitinger, 2000). The
reactions catalyzed by nickel-dependent enzymes are
summarized in Figure 11.

Some transporters are potentially able to transport
nickel; however, CorA, MgtA, and MgtB have affinities
that are too low to be of physiological importance
(Ragsdale, 1998). Two different types of high-affinity

nickel transporters have been identified. One is a mul-

a  Superoxide dismutase
2H"+20," —»H,0,+0,
b. Urease
H,N—CO~-NH, +2H,0 —2NH, + H,CO,
¢. Hydrogenase
2H"+2e <>H"+H «<>H,
d. Methyl-CoM reductase
CH,-CoM +CoB-SH —CH, + CoM —-S-S-CoB
e. CO dehydrogenase
CO+H,0—»2H"+CO,+2e"

f. Acetyl-CoA synthase

CH, - CFeSP+ CoA —SH+CO —CH, -~ CO~-SCoA + CFeSP

FIGURE 11
enzymes.

Reactions catalyzed by nickel-dependent
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ticomponent ATP-binding cassette (ABC) transporter
system such as NikABCDE that uses ATP. The other is
a one-component transporter such as NixA, UreH,
HupN, and HoxN. NixA and HoxN are integral mem-
brane proteins that have eight transmembrane-
spanning helices and a sequence motif that is essential
for function. HypB can sequester nickel and release it
for incorporation into apoproteins when nickel
becomes limiting (Ragsdale, 1998).

A nickel-superoxide dismutase (Ni-SOD) has been
isolated from Strepromyces. The protein is a homotet-
ramer of four 13-kDa subunits with little sequence
similarity to earlier known SODs. Nickel induces its
expression, represses the FeZn—-SOD, and is involved in
maturation of a precursor polypeptide (Ragsdale, 1998).

Urease plays a key role in the nitrogen metabolism
of plants and microbes and acts as a virulence factor
for some human and animal pathogens (Mobley ez 4/,
1995). There are two nickel ions in the enzyme, and
CO, is required to generate a carbamylated lysine
bridge between the two nickel ions.

Hydrogenases are of different types. Some hydroge-
nases involve Ni, Fe, and Se; some Ni and Fe. In addi-
tion, some depend only on Fe. In fact, one hydrogenase
has no association with metals at all (Hartmann ez 4/.,
1996).

Methyl-coenzyme M reductase is a remarkable
enzyme composed of six subunits forming a hetero-
hexamer. Three unusual coenzymes are embedded in a
long channel between the subunits. Of particular inter-
est is the binding of coenzyme F430, a Ni—porphinoid
that occurs exclusively in this enzyme. As substrates, the
enzyme binds methyl-coenzyme M (methyl-thioethane
sulfonate) and coenzyme B (7-thioheptanoyl thre-
oninephosphate). Structural studies of this enzyme have
been hampered by the low activity of the purified
enzyme; however, substantial improvements in this
respect have been seen in recent years (Finazzo et al.,
2003).

Carbon monoxide (CO) dehydrogenase oxidizes CO
to CO; in the half reaction shown in Figure 12 using a
Ni-Fe cluster. Another enzyme, a hydrogenase, also
contains a Ni-Fe cluster and uses the electrons in the
first half reaction to reduce protons to hydrogen gas:
2H" + 2e > Hy(g) (Watt & Ludden, 1999). Carbon
monoxide dehydrogenases are bifunctional enzymes
that perform reversible CO oxidation and also function
to synthesize or degrade acetyl-CoA. The bifunctional
characteristics of this enzyme led to changing its
name to CO-dehydrogenase/acetyl-CoA synthase
(Hausinger, 1993). Both catalytic sites for the individ-
ual reactions require nickel for catalysis. Methanogenic

2x1e

2H* 2H,
NiFe(COyg) N2 7
/ c NiFe
2xle
2H*+CO,
CooF —~— CooH
H,ase
CooL

FIGURE 12 CO-dehydrogenase oxidizes CO to CO, using
a NiFe cluster and a nickel-dependent hydrogenase (H2ase) to
produce hydrogen gas. (Adapted from Watt and Ludden, 1999.)

bacteria convert acetate to methane and CO; and couple
acetate degradation to ATP synthesis. This metabolic
process uses the CO-dehydrogenase/acetyl-CoA syn-
thase (Watt & Ludden, 1999).

Nickel compounds are recognized as human carcino-
gens. It has been suggested that the molecular mecha-
nism of the genotoxicity underlying the induction of
carcinogenesis is the delivery of nickel into a cell from
particulates outside the cell. Water-soluble nickel salts
penetrate cells poorly. Following phagocytosis, the
particles are contained in vacuoles that become highly
acidified, and this greatly enhances the dissolution
of soluble nickel from the particles. This increases the
intracellular load of nickel, which can subsequently
attack chromatin and particularly histones and produce
effects associated with carcinogenic activity (Zoroddu
et al., 2002).

B. Chromium, Molybdenum, and Tungsten

This triad of trace elements comprises group 6 in the
periodic table; consequently, they should have some
chemical properties in common. An intriguing property
of these trace elements is their relationship with the
non-metal elements of group 16; hence, the trace ele-
ments of group 6 often appear covalently bonded and
not as simple metal ions.

1. Chromium

Chromium(III) was already established as an essential
dietary component in the 1950s. Many studies have
been conducted to elucidate the biological role of
chromium but have had a low degree of success. A major
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FIGURE 13 “Normal” serum levels of chromium over 30
to 40 years.

problem is the low concentration in tissues and body
fluids and the high risk of contamination of samples. It
was not until the 1980s that reliable analytical methods
were developed. Over the course of 30 to 40 years of
analytical efforts (Figure 13), the so-called normal
serum level of chromium in humans has been decreas-
ing by orders of magnitude. It has been suggested that
chromium is integral to the glucose tolerance factor
(GTEF). Efforts to purify this factor have led to the
detection of nicotinic acid, glycine, glutamic acid, and
cysteine, as well as chromium (Mertz et /., 1974).

Recent years have witnessed a plethora of activity
related to the elucidation of a potential role for triva-
lent chromium in mammalian carbohydrate and lipid
metabolism at a molecular level. In the 1980s, the iso-
lation and characterization of a unique chromium-
binding oligopeptide known as low-molecular-weight
chromium-binding substance (LMWCr) or chromod-
ulin were reported (Yamamoto et al, 1987). The
oligopeptide has a molecular weight of about 1500 Da
and is comprised of only four types of amino acid
residues (i.e., glycine, cysteine, glutamate, and aspar-
tate). Despite its small molecular weight, it binds four
equivalents of chromic ions, apparently in a tetranuclear
assembly, as necessitated by charge balance arguments
(Vincent, 2000). Chromodulin has an intriguing ability
to potentiate the effects of insulin on the conversion of
glucose into carbon dioxide or lipid. No other naturally
occurring chromium-containing species potentiates
insulin action in this manner (Vincent, 2000).

How chromium is absorbed and transported is still
uncertain. [t appears that transport is mediated by trans-

ferrin, the main iron-transporting protein (molecular
weight, 80kDa). This may be due to the fact that trans-
ferrin usually carries only about a 30% load of iron so
it has unused transportation capacity. Transferrin is also
thought to be a transporter of various trace elements.
Recent reports on the effects of insulin on iron trans-
port and the relationship between hemochromatosis
and hepatic iron overload and diabetes suggest that
transferrin may actually be the major physiologic
chromium transport agent (Vincent, 2000).

Hexavalent chromium compounds have been estab-
lished as being carcinogenic. Chromate easily enters
cells through the sulfate channel and is quickly reduced
by, for example, glutathione. The ultimate step of the
metabolic pathway yields Cr(I1I) inserted within the cell
nucleus, where it cross-links DNA to proteins. Recent
results indicate that glutathione is not only a primary
target for oxidation by chromate but also acts as an effi-
cient ligand-stabilizing Cr(V) in a dimeric bridged
cluster (Gaggelli ez al., 2002).

2. Molybdenum

Molybdenum is found in the second row of transition
metals in the periodic table. It is the only metal in this
row that is required by most living organisms. Although
only a minor constituent of the Earth’s crust, molybde-
num is readily available to biological systems because of
the solubility of molybdate salts in water. In fact, molyb-
denum is the most abundant transition metal in seawater.
Itis not, therefore, surprising that molybdenum has been
incorporated widely in living organisms. Molybdenum is
redox active under physiological conditions (ranging
between oxidation states VI and IV). The V valence state
is also available, and molybdenum can actas a transducer
between obligatory two- and one-electron oxidation—
reduction systems such as the hydroxylation of carbon
centers under more moderate conditions than are
required by other systems (Hille, 2002).

An important feature of molybdenum-containing
enzymes is the molybdenum cofactor (Moco) that is
able to associate with different apoenzymes to form the
Mo-holoenzymes where, depending on the type of
apoenzymes, molybdenum catalyzes redox reactions on
C, N, and S atoms. The only exception is bacterial
nitrogenases that contain an FeMo cofactor not related
to Moco (Mendel, 1997). It has been shown that in
Moco molybdenum is complexed by a pterin with a
four-carbon alkyl side chain containing a Mo-coordi-
nating dithiolene group and a terminal phosphate ester
(Mendel, 1997). This pterin has been named molyb-
dopterin (Figure 14).
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FIGURE 14 Molybdopterin and molybdenum cofactor.
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FIGURE 15 Multinuclear center with iron, sulfur, and
molybdenum in nitrogenase.

There are two different kinds of molybdenum
enzymes. One is exemplified by the nitrogenase enzyme
family, which is characterized by a multinuclear center
with iron, sulfur, and molybdenum (Figure 15). In fact,
molybdenum can be replaced by vanadium or iron.
Nitrogenases catalyze the reaction from dinitrogen to
ammonia and are the basic components in nitrogen fix-
ation. Indeed, most cycling of nitrogen in the biosphere
depends on the trace element molybdenum. The second
type of molybdenum enzyme is characterized by a
dependence on a mononuclear center, which is associ-
ated with molybdopterin. Three enzyme families are

included in this group: xanthine oxidases, sulfite oxi-
dases, and dimethylsulfoxide DMSO reductases. Exam-
ples of molybdenum enzymes of these families are
discussed below.

Xanthine oxidases comprise the largest family of
molybdenum enzymes, with up to 20 members. The
xanthine oxidase catalyzes purine or pyrimidine catab-
olism by inserting oxygen and/or removing hydrogen
from the substrates. It is a well-studied enzyme that
exists as a dimer with a molecular weight of about 300
kDa. Each subunit contains one molybdenum, one
flavin adenine dinucleotide, and two Fe,S, centers. The
reaction catalyzed is xanthine + H,O — uric acid + 2H*
+ 2e.

Sulfite is a highly reactive and potentially toxic com-
pound. Like other reduced inorganic sulfur compounds
such as hydrogen sulfide or thiosulfate, it occurs in
nature as a consequence of geological and industrial
processes and the anaerobic mineralization of organic
matter by dissimilatory sulfate reduction (Kappler &
Dahl, 2001). There is no doubt that sulfite oxidases have
developed during evolution as a response to sulfite reac-
tivity. Sulfite oxidase contains only a single prosthetic
group, a heme group, in addition to the Moco-derived
center. The holoenzyme is a dimer with a molecular
weight of 120kDa. The enzyme can oxidize sulfite by
using oxidized cytochrome ¢, ferricyanide, or dioxygen
as an electron acceptor. Sulfite oxidation occurs at the
molybdenum center, with the heme center serving to
couple this two-electron oxidation to the reduction of
two molecules of cytochrome ¢. DMSO reductase cat-
alyzes the reduction of dimethylsulfoxide to dimethyl-
sulfide and liberates the oxygen atom of DMSO as
water. The reducing equivalents come from a specific
pentaheme cytochrome. In addition to the enzymes
described here are a few other molybdenum enzymes,
such as pyridoxal oxidase, xanthine dehydrogenases, and
pyropallol transhydrolases.

3. Tungsten

Tungsten is by far the heaviest metal with a biological
function (i.e., an essential trace element). The three
classes of tungsten enzymes are aldehyde ferredoxin—
oxidoreductase, formate dehydrogenase, and acetylene
hydratase. Formate is a common metabolite in most life
forms. In most cases, its production and consumption
involve formate dehydrogenase (FDH), which catalyzes
the reversible two-electron conversion of CQO, to
formate according to:

CO,+2H*" +2e¢- =HCOO~
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Not all FDHs are tungsten dependent. On the other
hand, most FDHs of aerobic organisms do not contain
metals or other cofactors. The tungsten-dependent
FDHs have mostly been identified in Chlostridiae (e.g.,
C. thermoaceticum, C. formioaceticum, and C. acidiurici)
(Kletzin & Adams, 1996).

Formyl methanofuran dehydrogenase (FMDH)
catalyzes the reversible formation of N-formylmetha-
nofuran from CO, and methanofuran (MFR). The first
step in CO; utilization by methanogens is thus:

CO, +MFR" +H" +2¢~ = CHO-MFR + H,0O

However, FMDH was found to be a molybdoenzyme in
the first methanogens examined (Kletzin & Adams,
1996). Tungsten-dependent FMDHs have been isolated
from moderate thermofils such as Methanobacterium
wolfei and M. thermoautotrophicum.

Aldehyde-oxidizing enzymes catalyze oxidation of
aldehydes of one type or another and again have been
found in microorganisms. The reaction catalyzed is

CH;CHO +H,0 = CH;COO™ +3H" +e”

Among the aldehyde-oxidizing enzymes are carboxylic
acid reductase (CAR) from acetogens which was the
second tungsten-dependent enzyme isolated. Another
tungsten-dependent enzyme is aldehyde ferredoxin oxi-
doreductase (AOR), from Pyrococcus furiosus, which cat-
alyzes the oxidation of a range of aliphatic and aromatic
aldehydes and reduces ferredoxin. Formaldehyde ferre-
doxin oxidoreductase (FOR) has also been demon-
strated in P. furiosus. These enzymes also use ferredoxin
as the physiological electron carrier and are maximally
active at temperatures above 95°C. In contrast to AOR,
however, they oxidize only C1-C3 aldehydes and are
of much lower specific activity (Kletzin & Adams,
1996).

The enzyme glyceraldehyde-3-phosphate ferredoxin
oxidoreductase (GAPDH) has been found in the pecu-
liar hyperthermophilic archaeon P. furiosus and is
thought to play a role in gluconeogenesis. A fourth
tungsten-containing enzyme from P furiosus has
recently been characterized (Roy & Adams 2002).
This enzyme, preliminarily named WOR 4, is thought
to play a role in SO reduction. It has an interesting
structure in that it contains approximately one W atom,
three Fe atoms, three or four acid-labile sulfides, and
one Ca atom per subunit (Roy & Adams, 2002). Alde-
hyde dehydrogenases (ADH) have been shown in
Desulfovibrio gigas.

Acetylene hydratase (AH) converts acetylene to
acetaldehyde according to:

H-C=C-H+H,0 - H;C-HC=0

which is a hydration reaction.

In addition to availability a key factor in tungsten uti-
lization appears to be its redox properties relative to
molybdenum. When tungsten substitutes for molybde-
num in molybdoenzymes, some will be inactive, prob-
ably because the tungsten site has a lower reduction
potential as compared to the molybdenum site. Con-
versely, to catalyze a reaction of extremely low poten-
tial, tungsten should be preferred over molybdenum
(Kletzin & Adams, 1996).

C. Manganese: Photosynthesis and
Defense Against Oxygen

Although fairly abundant in the biosphere, manganese
is found only in trace amounts in living organisms.
Manganese exhibits the widest range of oxidation states
of any of the first row d-block metals. The lowest states
are stabilized by m-acceptor ligands, usually in
organometallic complexes. Most of the biochemistry of
manganese can be explained by two properties: It is
redox active, and it is a close but not exact analog of
Mg?*. Manganese plays many roles in biological systems
ranging from acting as a simple Lewis acid catalyst to
being an element that can transverse several oxidation
states to carry out water oxidation. The presence of
Mn* in the cytoplasm in significant concentrations
would pose a serious problem for aerobic eukaryotes.
One reason is that manganese is considered to be
mutagenic, and it binds relatively weakly to proteins.
Prokaryotes, on the other hand, may make use of this
property to promote mutations to generate variation.
Manganese in aerobic eukaryotic cells, then, has to be
pumped into various organelles. Examples of such
organelles are presented in Table VIII.

TABLE VIII. Manganese-Containing Vesicles
Vesicle Known Mn protein
Chloroplast Superoxide dismutase

Golgi apparatus
Lysosome (acid)
Mitochondria
Thylakoid (acid)
Vacuole (acid)

Glycosyl-transferases

Acid phosphatase (Mn(lll))
Superoxide dismutase
Generation of molecular oxygen
Mn(ll) is free
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1. Generation of Dioxygen from Water

Higher plants and algae complete oxygenic photosyn-
thesis whereby water is oxidized by a cluster of man-
ganese ions. This process takes place in Photosystem II
(PSII), which is a multisubunit complex embedded in the
thylakoid membranes. This photosynthetic enzyme cat-
alyzes the most thermodynamically demanding reaction
in biology, the splitting of water into dioxygen and
reducing equivalents (Barber, 2003). Lightis captured by
antennae chlorophyll and funneled to the primary reac-
tion center, which contains chlorophyll (P680). The oxi-
dized P680 first oxidizes a redox-active tyrosine,
hydrogen bonded to a histidine (Yz). Subsequent oxida-
tion of the manganese cluster occurs via this generated
tyrosine radical. The enzyme can exist in five oxidation
levels named S, states, where S is the most reduced and
S, the most oxidized. Oxygen is liberated upon the S; —
S4 = S transition (Yocum & Pecoraro, 1999). A partly
hypothetical model of this process is depicted in Figure
16. It is interesting to note that the oxidation of water to
dioxygen takes place in the thylakoid membranes of
plants and algae. These membranes correspond to the
mitochondrial membrane of eukaryote cells, in which
the reverse process of reducing dioxygen to water takes
place. Even more intriguing is that manganese plays
important roles in both processes.

2. Defense for a Life with Oxygen

The enzyme most commonly associated with man-
ganese is superoxide dismutase, which is a scavenger of
the very reactive superoxide anion produced during
reduction of oxygen in cellular respiration. As the name
suggests, the enzyme acts on the superoxide anion pro-
duced in the first step in the reduction of dioxygen to
water. It catalyzes the following reaction:

Mn(III)+ O3 = [Mn(IID-O5 ] - Mn* +0O,
Mn? +03 =[Mn?-O;3|+2H* - Mn(IIl)+ H,0,

The end product, hydrogen peroxide, although not a
radical, is a reactive oxygen species. MnSODs are wide-
spread in bacteria, plants, and animals. In most animal
tissues and yeast, MnSOD is largely confined to mito-
chondria (Fridovich, 1995). It is conspicuous that,
although manganese is deeply involved in the genera-
tion of oxygen from water, it is also necessary in scav-
enging reactive oxygen species when dioxygen is
metabolized in mitochondria. MnSOD is the most
phylogenetically widespread manganese-dependent
enzyme (Kehres & Maguire, 2003).

There are some aspects of redox biochemistry that
have to be taken into account to understand the un-
expected tolerance of relatively high concentrations of
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Mn**. Similar to iron, manganese can cycle readily in
vivo between the 2+ and 3+ oxidation states; however,
the reduction potential of any molecule depends on its
ligand environment. Another important feature is that
manganese is less reducing than iron under most bio-
logical conditions (Kehres & Maguire, 2003). “Free”
(solvated) Mn** has a reduction potential too high to
reduce H,O, in aqueous solution; however, replacing
one or two inner hydration shell waters with hydrogen
carbonate results in rapid catalase activity by a Mn**-
dependent disproportionation reaction. That the reduc-
ing potential of manganese is smaller than that of iron
can be explained by the different 3d electron occupan-
cies of the two cations. The electrochemical conse-
quence is that Mn** + ¢ — Mn’" has a standard
reduction potential of +1.51V, while Fe** + ¢« — Fe**
has a standard reduction potential of +0.77 V.

Two consequences of this redox chemistry are
obvious. The similarity between Mn** and Fe** is that
their intrinsic reduction potentials are close enough to
those of many common biological molecules that each
metal can take part in biologically important redox
catalysis. In addition, the critical difference between the
two metals is that the higher reduction potential of
Mn?* renders the free (i.e., solvated) Mn*" innocuous
under conditions (notably in an aerobic environment)
where free Fe’* would actively generate toxic radicals.
Cells can thus tolerate very high cytoplasmic concen-
trations of Mn”* with essentially no negative redox
consequences. This is not the case with iron or with any
other biologically relevant redox-active metal (Kehres
& Maguire, 2003).

3. Similarity to Magnesium

The greatest similarity between these two metals is in
the context of structure. Mg’ is an ideal structural
cation for biological molecules, especially phosphory-
lated ones such as nucleic acids and many intermediary
metabolites. This is due to a complete lack of d elec-
trons in Mg™, and its 2s°2p° electron configuration
confines it to strict octahedral liganding geometry with
liganding bond angles very close to 90°. This geometry
is useful in organizing the conformations of complex
compounds or macromolecules (Kehres & Maguire
2003). The lack of d electrons is important because
there is very little covalent interaction between Mg**
and its ligands; therefore, Mg** is a labile and rapidly
exchangeable cation that does not interpose itself in the
way of other close intermolecular interactions. Mn™,
with its relatively similar ionic radius and relatively

minor involvement of its stable symmetric 34’ shell
electrons in bonding, readily exchanges with Mg** in
most structural environments and exhibits much of the
same octahedral, ionic, labile chemistry. However, less
similarity is seen in catalysis. The 34’ electrons of Mn?**
do interact to some extent with electrophilic ligands.
Thus, Mn**-ligand bonds are generally much more flex-
ible than Mg**-ligand bonds, in both length and angle
(Kehres & Maguire, 2003).

4. Manganese and Reactive Oxygen Species

The manganese-dependent superoxide dismutase has
already been mentioned. In addition to this enzyme is
a set of enzymes involved in the detoxification of reac-
tive oxygen species that are dependent on manganese.
There is a family of manganese-dependent catalases
that often are referred to as “non-heme catalases.” They
are structurally and mechanistically unrelated to con-
ventional catalases that are cofactored by iron in a pros-
thetic heme group. Both classes operate on hydrogen
peroxide. In addition to catalases, a family of catabolic
heme enzymes known as manganese peroxidases
couples the redox activity of H,O, to the degradation
of nutrients such as lignin via oxidation of a manganese
bound to a propionate side-chain of the heme group.
An intriguing phenomenon is that salens, synthetic
chelators that are derivatives of N,N’-bis(salicylidene)
ethylendiamine chloride, form complexes with Mn**
that show efficacy as combined superoxide dismutase/
catalase mimics. They have been shown, in their oxo
forms, to oxidize nitric oxide and nitrite to the more
benign nitrate in vitro (Kehres & Maguire, 2003). A
summary of manganese-related enzymes and proteins
can be found in Table IX.

D. Iron: Savior and Threat

Iron is the most important of all metals and is the fourth
most abundant element in the Earth’s crust. It is a d-
block element that can exist in oxidation states ranging
from -2 to +6. In biological systems, however, these
oxidation states are limited primarily to the ferrous (+2),
ferric (+3), and ferryl (+4) states. Fe’* is quite water
insoluble and significant concentrations of water-
soluble Fe® species can be attained only by strong
complex formation. The interconversion of iron oxida-
tion states is not only a mechanism whereby iron
participates in electron transfer but also a mechanism
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TABLE IX. Manganese-Dependent Enzymes and Proteins
Enzyme/Protein Function Occurrence
MnSOD Detoxify superoxide radical anion Bacteria, archaea, and eukaryotes

Non-heme Mn-catalase
Transcription factor (mntR)
ppGpp hydrolase (spoT)
Protein phosphatases

Agmatinase

Aminopeptidase P
Phosphoglyceromutase
Fructose-1,6-BP phosphatase
Adenyl cyclase

Aromatic hydrocarbon
metabolism

Lipid phosphotransferases

Polysaccharide polymerases

Protein kinases
Pyruvate carboxylase

Ribonucleotide reductase
Arginase

Concavalin A
Mn-lipoxygenase

Mn-peroxidase
Photosynthetic reaction center

Detoxify hydrogen peroxide

Repress Mn?" uptake transporter expression
Hydrolyze RNA synthesis regulator ppGpp
Dephosphorylate many cellular proteins

Synthesize osmoprotectant putrescine
from angmatine (decarboxylated
arginine)

Hydrolyze typical X-Pro sequence

Catalyzes interconversion of
3-phosphoglycerate and
2-phosphoglycerate

Convert fructose-1,6-BP to fructose-6-
phosphate

Synthesize cyclic AMP

Oxidation of catechols and other aromatics

Modify or remove polar headgroups on
lipids

Synthesize capsular or secreted
polysaccharide

Phosphorylation of unknown proteins

Catalyze carboxylation of pyruvate to
oxaloacetate

Convert ribonucleotides to
deoxyribonucleotides

Convert arginine to urea+ornithine

Plant lectin binding

Synthesize lipoxins from fatty acids
Degrade lignin

Convert H,0 to O,

Bacteria
Homologs in diverse bacteria; extent unknown
Practically ubiquitous in bacteria

All cells; highly conserved between prokaryotes

and eukaryotes
Many Gram-negative bacteria

Enterobacteria, most other bacteria
Enterobacteria, other bacteria, and plants

Enterobacteria; extent otherwise unknown

Mycobacterium tuberculosis

Arthrobacter globiformis and similar enzymes in
many soil bacteria

Enterobacteria, Gram-positive

bacteria

Some Gram-positive and -negative bacteria

Extent unknown

Eukaryotes, Bacillus licheniformis, and
Mycobacterium smegmatis

Most bacteria, eurkaryotes

Higher eukaryotes, liver, and macrophages/
monocytes; Bacillus sp.

Plants

Fungi

White- and brown-rot fungi

Photosynthetic bacteria and plants

Source: Adapted from Kehres and Maguire (2003).

whereby iron can reversibly bind ligands. Iron can bind
to many ligands by virtue of its unoccupied 4 orbitals.
The preferred biological ligands for iron are oxygen,
nitrogen, and sulfur atoms. Iron(III) is a hard acid that
prefers hard oxygen ligands, while iron(II) is on the bor-
derline between hard and soft and favors nitrogen and
sulfur ligands. The electronic spin state and biological
redox potential (from +1000mV for some heme pro-
teins to —550mV for some bacterial ferredoxins) of iron
can change according to the ligand to which it is bound.
By exploiting the oxidation state, redox potential, and

electron spin state of iron, nature can precisely adjust
iron’s chemical reactivity (Beard, 2001). Biologically
important iron-containing proteins carry out oxygen
transport and storage, electron transfer, and substrate
oxidation-reduction. Four major classes of protein carry
out these reactions (Beard, 2001) in mammalian
systems: (1) iron-containing, nonenzymatic proteins
(hemoglobin and myoglobin); (2) iron-sulfur enzymes;
(3) heme-containing enzymes; and (4) iron-containing
enzymes that are non-iron-sulfur, non-heme enzymes

(Figure 17).
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FIGURE 17 lIron-containing proteins.

1. Hemeproteins

Proteins with heme as the prosthetic group carry out
important functions in biological systems; thus the
biosynthesis of heme is very important. It begins with
the synthesis of tetrapyrroles, where the term tezrapyr-
role indicates compounds containing four linked pyrrole
rings. Four classes of such compounds are very common
in biology: (1) the widely distributed iron porphyrin,
heme; (2) the chlorophylls of plants and photosynthetic
bacteria; (3) the phycobilins, photosynthetic pigments
of algae; and (4) the cobalamins, especially vitamin B,
and its derivatives. All tetrapyrroles are synthesized
from a common precursor, §-aminolevulinic acid
(ALA). Figure 18 summarizes the relationships between
the synthetic pathways.

2. Hemoglobin and Myoglobin

Evolution has provided animals with hemoglobin and
myoglobin for oxygen transport and storage. Aerobic
metabolism requires some kind of oxygen transporter
because relying on diffusion would be adequate for only
very small animals. Insects, however, have solved the
problem with oxygen transport through their networks
of tubes (tracheae) leading from the body surface to the
inside tissues.

Oxygen transport and storage are tricky problems to
solve. The molecules used must bind dioxygen without

allowing oxidation of other substances, thereby reduc-
ing dioxygen. Are proteins suited for direct oxygen
binding? The answer is no; however, d-block metals
such as iron and copper in their lower oxidation states
readily bind oxygen. Proteins can bind Fe(II) in various
ways. In hemoglobin and myoglobin, iron is bound by
the tetrapyrrole ring protoporphyrin IX (see Figure 19).
When iron is bound to protoporphyrin IX, the system
is referred to as ferroprotoporphyrin or heme. In addi-
tion to its use in hemoglobin and myoglobin, the heme
group is a prosthetic group in a variety of proteins (see
below). This makes the biosynthesis of heme very
important. Myoglobin is a smaller molecule relative to
hemoglobin and is the principal oxygen storage protein.
An interesting property of hemoglobin, in addition to
its oxygen-binding ability, is its enzymatic activity. It has
been thought that the oxygen carrier function was so
specialized that globins were not recruited to new tasks;
however, it has recently been found that the globin of
some marine worms (Amphitrite ornata) has evolved into
a powerful peroxidase, more precisely dehaloperoxi-
dase. This enzyme catalyzes the oxidative dehalogena-
tion of polyhalogenated phenols in the presence of
hydrogen peroxide at a rate at least ten times faster than
all known halohydrolases of bacterial origin. A. ornata
can thus successfully survive in an environment where
other species secrete brominated aromatics and other
halocompounds as repellents (Lebioda, 2000).



138 BrorocicaL FuncTioNs oF THE ELEMENTS

Soyron)

(animals, bacteria)

=

[conis gy

A4
A4 -
A 4 -

(plants)

FIGURE 18 The principal steps of heme biosynthesis.
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FIGURE 19 Iron binding in protoporphyrin IX. The complex
is called heme.

3. Cytochromes

Cytochromes constitute a group of hemeproteins with
distinctive visible-light spectra that function as electron
carriers from biological fuels to oxygen. The major res-
piratory cytochromes are classified as b, ¢, or 4, depend-
ing on the wavelengths of the spectral absorption peaks.
They are vital members of the mitochondrial electron-
transfer chain. Figure 20 shows a schematic representa-

Ferredoxins
[NADJ*/NADH (-320 mV)

-400 —

-200 —|
FAD/FADH,

0 Cytochrome b
Cytochrome ¢,

Cytochrome ¢
400 — Cytochrome c oxidase

Reduction potential E' (mV)
~
S
|

0, (+815 mV)

FIGURE 20 The mitochondrial electron-transfer chain.

tion of part of this electron-transfer chain. In addition,
the cytochromes are also essential components in plant
chloroplasts for photosynthesis. It is the ability of the
iron center to undergo reversible Fe(Illl) <> Fe(Il)
changes to allow them to act as electron-transfer
centers. In the mitochondrial electron-transfer chain,
cytochrome ¢ accepts an electron from cytochrome ¢
and then transfers it to cytochrome ¢ oxidase. The elec-
tron is ultimately used in the four-electron reduction of
dioxygen.
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4. Cytochrome P-450 Enzymes

Cytochrome P-450 enzymes are hemeproteins that
function as monooxygenases to catalyze the insertion of
oxygen into a C—H bond of an aromatic of aliphatic
hydrocarbon (i.e., the conversion of RH to ROH).
Examples of the biological functions of cytochrome
P-450 are drug metabolism and steroid synthesis.
Carbon monoxide adducts of cytochrome P-450 absorb
at 450 nm; thus its name. One of the many interesting
aspects of cytochrome P-450 enzymes is that some are
inducible, which means that following exposure of the
cell to an inducing chemical enzyme activity increases, in
some cases several orders of magnitude. It has been
proposed that the catalytic cycle begins with the enzyme
in a resting state with iron present as Fe(I1I). The hydro-
carbon substrate then binds, followed by one-electron
transfer to the iron porphyrin. The resulting Fe(Il)
complex with bound substrate proceeds to bind O,. A key
reaction is the reduction of the porphyrin ring of the
oxygen complex by a second electron, which produces
the ring radical anion. Uptake of two H* ions then leads
to the formation of the Fe(IV) oxo-complex, which
attacks the hydrocarbon substrate to insert oxygen. Loss
of ROH and uptake of an H,O molecule at the vacated
coordination position bring the cycle back to the resting
state (Ortiz de Monetallano & De Voss, 2002).

5. Iron-Activated Enzymes

The most prominent example of this class of enzymes
is heme oxygenase, which has evolved to carry out
the oxidative cleavage of heme, a reaction essential
in several physiological processes as diverse as iron
reutilization and cellular signaling in mammals and
synthesis of essential light-harvesting pigments in
cyanobacteria and higher plants, as well as the acquisi-
tion of iron by bacterial pathogens (Wilks, 2002). Heme
oxygenase (HO) is concentrated in both blood vessel
endothelium and adventitial neurons which suggests
that HO subserves functions that are handled by NO-
generating enzymes. The gene of this cellular stress
protein, mediating the catabolism of heme to biliverdin
in brain and other tissues, is strongly induced by
dopamine, oxidative stress, and metal ions. In the brain,
it is primarily expressed in the astroglia, and, when
upregulated, HO promotes mitochondrial iron deposi-
tion in these cells (Schipper, 1999). HO protects cells
by degrading prooxidant metalloporphyrins and appears
to facilitate iron efflux from the cell (Berg ez 4/., 2001).
HO is responsible not only for iron export but also
for the intracellular sequestration of iron by glial
mitochondria (Schipper, 1999).

6. Fe/S Enzymes

The porphyrin ligand environment of iron that occurs
in hemoglobin and myoglobin is also important in redox
enzymes. Thus, in the large class of biochemically
important heme proteins iron is coordinated to a por-
phyrin ligand. All other iron proteins are defined as
non-heme. Those that contain iron in a tetrahedral
environment of four sulfur atoms are particularly
important. Iron-sulfur clusters, however, were not
familiar to inorganic chemists prior to recognition of
their biochemical importance. Iron—sulfur clusters are
simple inorganic groups that are contained in a variety
of proteins having functions related to electron trans-
fer, gene regulation, environmental sensing, and sub-
strate activation. Biological Fe-S clusters, however,
are not formed spontaneously, but a consortium of
highly conserved proteins is required for both the for-
mation of Fe-S clusters and their insertion into
various protein partners. The formation or transfer of
Fe-S clusters appears to require an electron-transfer
step (Frazzon et al., 2002). Table X provides examples
of proteins with Fe-S clusters and their function.

Although not all of the enzymes involved in the mito-
chondrial respiratory chain are iron-sulfur proteins, it
is enlightening to look through the various parts of the
chain. Electrons move from reduced nicotinamide
adenine dinucleotide (NADH), succinate, or some
other primary electron donor, through flavoproteins,
ubiquinone, iron-sulfur proteins and cytochromes, and
finally to O,. Table XI summarizes the protein compo-
nents of the mitochondrial electron-transfer chain.

In the context of iron—sulfur proteins, we can observe
an intriguing link to another essential metal (namely,
molybdenum) through xanthine dehydrogenase and
xanthine oxidase. These are the most studied of the
small but important class of molybdenum-containing
iron-sulfur flavoproteins. Xanthine oxidoreductase cat-
alyzes the hydroxylation of a wide variety of purine,
pyrimidine, pterin, and aldehyde substrates. The active
form of the enzyme is a homodimer of molecular mass
290kDa, and each of the monomers acts independently
in catalysis. Each subunit contains one molybdopterin
group, two identical 2Fe-S centers, and one flavin
adenine dinucleotide cofactor (Nishino & Okamorto,
2000).

7. Transferrin, Lactoferrin, and Hemopexin

Transferrin originally was the name of the serum
protein that binds and transports iron for delivery to
cells. Today, it is the name applied to a wider family of
homologous proteins that includes serum transferrin,
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TABLE X. Some Examples of Proteins and Enzymes with [Fe—S] Clusters and Their Function

Enzyme or Protein Function Cofactors

Rubredoxin Electron transfer Fe

Ferredoxin, Rieske ferredoxin Electron transfer [2Fe-2S]

Phthalate dioxygenase reductase Electron transfer [2Fe-2S], FAD

Naphthalene dioxygenase O,-activation [2Fe-2S], Fe(ll)

Adenine glycosylase, glutamine PRPP amidotransferase, Structural stabilization [4Fe—4S]

endonuclease |lI

Aconitase Electrophilic catalysis [4Fe—4S]

IRP-1,> FNR,® soxRS¢ Regulation of gene expression [4Fe—4S],
[2Fe-2S]

Dinitrogenase reductase, dinitrogenase Nitrogen fixation [4Fe—4S], FeMoCo, P-clusters

*lron regulatory protein-I.
®Ferredoxin:NADP-+oxidoreductase.
“Superoxide regulatory system.

TABLE XI. Protein Components of the
Mitochondrial Electron-Transfer Chain

Mass Number of  Prosthetic
Enzyme Complex (kDa)  Subunits Group(s)

| NADH 850 42 FMN,* [Fe-S]
dehydrogenase

Il Succinate 140 5 FAD,"> [Fe-S]
dehydrogenase

Il Ubiquinone: 250 Il Hemes, [Fe-S]

cytochrome ¢
oxidoreductase

Cytochrome ¢ 13 | Heme
IV Cytochrome 160 13 Hemes, Cup, Cug
oxidase

Flavin mononucleotide.
®Flavin adenine dinucleotide.

lactoferrin, ovotransferrin, and melanotransferrin
(Baker et al.,2003). Only serum transferrin has a proven
transport function; however, transferrins seem to be
involved in the homeostatic control of free iron in all
the places where it might be found. The serum trans-
ferrin has two structurally similar lobes. Both lobes
contain one iron-binding center that is very specific for
iron(IIT) and has a binding constant of about 10%. It is
only when transferrin is loaded with two ferric ions that
it binds strongly to the receptor for internalization. In
addition to iron(Ill), transferrin can bind strongly to a

range of other metal ions. Many such complexes are still
recognized by the transferrin receptor, and some bacte-
ria have transferrin receptors. Transferrin, therefore,
holds promise for use in the development of antimicro-
bial therapies (Andrews ez al., 2003).

Lactoferrin is an iron-binding protein that binds iron
even more tightly than transferrin. It is present in milk,
many other exocrine secretions, and white blood cells
(Baker et al., 2003). One of the first functions attributed
to lactoferrin was the ability to inhibit bacterial growth
and viral infection. It is thought that lactoferrin is able
to sequester iron from certain pathogens, which inhibits
their growth. Another important function is its ability
to stimulate the release of the neutrophil-activating
polypeptide interleukin-8 (IL-8). This suggests that
lactoferrin may function as an immunomodulator for
activating the host defense system (Kruzel & Zimecki,
2002).

Hemopexin is a recycler and transporter of heme.
"Turnover of heme proteins, notably hemoglobin, leads
to the release of heme into extracellular fluids with
potentially severe consequences. Like free iron, heme is
a source of essential iron for invading bacterial
pathogens and is highly toxic because of its ability to
catalyze free-radical formation. Protection is given
by hemopexin, a 60-kDa serum glycoprotein that
sequesters heme with very high affinity from the blood-
stream; transports it to specific receptors on liver cells,
where it undergoes receptor-mediated endocytosis; and
releases the bound heme into cells. It thus serves both
to protect against heme toxicity and to conserve and
recycle iron (Baker ez al., 2003).
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8. Ferritin and Hemosiderin

Ferritins constitute a class of iron storage proteins
found in bacterial, plant, and animal cells. They form
hollow, spherical particles in which up to 4500 iron
atoms can be stored as iron(IIl). Although ferritins are
quite small molecules about 8 to 12 nm in diameter, they
are very effective iron stores. Additionally, they can
provide iron on demand. The biosynthesis of ferritin is
controlled by the level of iron in the cell via the iron
regulatory protein (Andrews et /., 2003). Hemosiderin
is another iron-storage complex; however, knowledge of
its structure is minimal. It is found solely in cells, in con-
trast to ferritin, which can also be found in the circula-
tion. It has been suggested that hemosiderin could be a
complex of ferritin, denatured ferritin, and some other
material. Iron present in hemosiderin deposits is poorly
available to provide iron on demand. The storage
complex is found in macrophages and appears to be
especially abundant following hemorrhage; thus, its for-
mation might be related to phagocytosis of red blood
cells and hemoglobin (Trinder ez 4/, 2000).

G. Copper: The Master of Oxidases

Historical records show that copper and copper com-
pounds had been used medicinally at least as early as
400 BC (Mason, 1979). Many copper compounds were
used to treat a variety of diseases during the nineteenth
century, and the presence of copper in plants and
animals was recognized more than 150 years ago. For
quite some time it has been widely accepted that copper
is an essential trace element required for survival by all
organisms, from bacterial cells to humans (Linder &
Hazegh-Asam, 1996). Copper ions undergo a unique
chemistry due to their ability to adopt distinct redox
states, either oxidized [Cu(Il)] or in the reduced state
[Cu()]. Consequently, copper ions serve as important
catalytic cofactors in redox chemistry for proteins that
carry out fundamental biological functions; however,
copper provides a challenge to biological systems. The
very properties that make copper indispensable to
biology become toxic when copper is present in excess.
Copper’s outstanding redox properties, however, such
as the transitions between Cu(Il) and Cu(l), can in
certain circumstances result in the generation of reac-
tive oxygen species such as superoxide radicals and
hydroxyl radicals. Susceptible cellular components can
be damaged by these reactive species if an effective scav-
enging mechanism is not in operation. Copper can also
bind with high affinity to histidine, cysteine, and
methionine residues of proteins. This may result in the

inactivation of the proteins (Camarakis er al., 1999).
Consequently, there is a great need for effective home-
ostatic mechanisms controlling the cellular concentra-
tion of copper.

1. Copper Proteins

Copper is present in three different forms in proteins:
(1) blue proteins without oxidase activity (e.g., plasto-
cyanin), which function in one-electron transfer; (2)
non-blue proteins that produce peroxidases and oxidize
monophenols to diphenols; and (3) multicopper pro-
teins containing at least four copper atoms per mole-
cule and acting as oxidases (e.g., ascorbate oxidase and
laccase). Table XII provides an arbitrary selection of
copper-dependent proteins to emphasize the versatility
of copper proteins (Pefia et al., 1999; Fradsto da Silva
& Williams, 2001).

2. Intracellular Distribution of Copper

"To be distributed in the cell, copper has to be taken up
in the cell. This is accomplished by copper transport 1
(Ctrlp), which is a membrane-spanning protein. Ctrlp
specifically transports Cu(l), not Cu(Il) or any other
metals. A conspicuous finding was that the gene CTRI
(Cu transport 1) was first discovered not as a gene for
copper but as a gene essential for iron transport in
Saccharomyces cerevisine (Harris, 2000). The copper
was required for Fet3, a multicopper ferroxidase that
catalyzed the oxidation of Fe(Il) to Fe(III).

The intracellular environment is generally reducing.
This means that Cu(ll) is rapidly reduced to Cu(l).
Glutathione was identified early as being involved
in copper transport. Glutathione (GSH) is a cysteine-
containing tripeptide present more or less exclusively
within cells at concentrations in the millimolar range.
Copper(I) reacts directly with the internal cysteine
sulthydryl group of glutathione; however, it is less likely
that Cu(lI) binds to glutathione because of the propen-
sity of Cu(ll) to catalyze the oxidation of sulfhydryl
groups. The formation of Cu(I)-GSH is a spontaneous
reaction probably independent of enzyme involvement.
Besides transferring copper to metallothionein, glu-
tathione is required for biliary excretion of copper. In
addition, there is evidence that a Cu—GSH complex can
mediate stable Cu(I) binding to apocuproproteins
(Harris, 2000).

Copper chaperones are a family of cytosolic peptides.
They are usually referred to as metallochaperones and
serve as an intracellular shuttle service for metal ions.
In the case of copper, they form transient complexes
with Cu(l). These chaperones escort copper ions on
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TABLE XII.

Examples of Copper-Dependent Proteins

Protein

Function

Cytochrome oxidase
Laccase
Ceruloplasmin

Hemocyanin
Lysine oxidase
Ascorbate oxidase
Galactose oxidase

Amine oxidase

Blue proteins
Superoxide dismutase
Nitrate reductase

Nitrous oxide reductase
Metallothionein
Dopamine monooxygenase
Co-proporphyrin
decarboxylase
Ethylene receptor
Methane oxidase
Terminal glycine oxidases
Tyrosinase
Clotting factors V and VIl
Angiogenin

Hephaestin
CP-x type ATPase
Atx-1 (Lys 7)

Reduction of O, to H,O

Oxidation of phenols

Oxidation of Fe(ll) to Fe(lll), Cu
transport

Transport of O,

Cross-linking of collagen

Oxidation of ascorbate

Oxidation of primary alcohols to
aldehydes in sugars

Removal of amines and diamines

Electron-transfer (many kinds)

Superoxide dismutation (defense)

Reduction of NO3 to NO
Reduction of N,O to N,

Cu(l) storage

Hydroxylation of Dopa
Production of protoporphyrin IX

Hormone signaling

Oxidation to methanol

Production of signal peptides

Melanin production

Blood clotting

Induction of blood vessel
formation

Iron egress from intestines

Copper pump

Copper transfer

their way into proteins that require copper. The proto-
type of metallochaperones is MerP, a small soluble
mercury-binding protein that transports Hg”* to a
membrane transporter and eventually to a reductase
that reduces Hg* to the volatile Hg" as part of a detox-
ifying process (Lund & Brown, 1987). The best known
metallochaperone protein is Atx1 (antioxidant 1), which
was originally isolated as an antioxidant protein in Sac-
charomyces cerevisiae and functions in a high-affinity iron
uptake pathway in yeast. It works together with Cec2,
a copper-transporting P-type AT Pase. The cooperation
of these two proteins is necessary for copper loading of
the multicopper oxidase Fet3, which is required for the
high-affinity iron uptake (Huffman & O’Halloran,
2001).

The human homologs of Ccc2 are the Wilson’s
(Atp7ab) and Menkes’ (Atp7a) disease proteins, and the
human homolog of Fet3 is ceruloplasmin. Cytochrome
oxidase is essential for cellular respiration and requires

FIGURE 21
cell.

A schematic view of copper localization in the

three copper atoms for proper function. Two are situ-
ated in a dinuclear site in one subunit and one in
another subunit next to heme a;. It has been suggested
that Cox17, a small 8-kDa protein, functions in a copper
trafficking pathway of cytochrome oxidase (Huffman &
O’Halloran, 2001). The CCS metallochaperone seems
to be necessary for the incorporation of copper into the
radical scavenging enzyme Cu,Zn-superoxide dismu-
tase. A schematic view of copper uptake and cellular
localization is shown in Figure 21. A few intriguing
examples of copper-binding proteins are presented in
the next section.

3. Ceruloplasmin

This protein was first isolated from plasma and charac-
terized as a copper-containing protein as early as 1948
(Holmberg & Laurell). It was later discovered that the
concentration of this protein was low in patients with
Wilson’s disease. The first proposed physiological role
of the protein was in iron homeostasis and as a ferrox-
idase (Hellman & Gitlin, 2002). Ceruloplasmin belongs
to the group of multicopper oxidases. This group of
proteins has three distinct copper sites, which are type
I copper sites. Charge transfer between the cysteine
ligand sulfur and the copper at these sites results in
strong absorption at 600 nm. This is why they are called
blue proteins. A single copper of type II is coordinated
by four imidazole nitrogens and is in close proximity to
two antiferromagnetically coupled type IIT copper ions
absorbing at 330nm. The type II and type III coppers
form a trinuclear copper cluster, which is the site of
oxygen binding during the catalytic cycle (Hellman &
Gitlin, 2002).

Multicopper oxidases use the smooth electron chem-
istry of bound copper ions to couple substrate oxidation
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with the four-electron reduction of molecular oxygen.
Electrons pass from the substrate to the type I copper
and then to the trinuclear copper cluster and subse-
quently to the oxygen molecule bound at this site
(Messerschmidt ez a/., 1989). In addition to ceruloplas-
min, several multicopper oxidases have been identified
that play a critical role in iron homeostasis. Fet3 is a
ferroxidase essential for iron uptake in yeast, and
hephaestin is a ceruloplasmin homolog required for
efficient iron efflux from the placenta and enterocytes
in mammals (Vulpe er al., 1999). Ceruloplasmin is an
acute-phase reactant, and its serum concentration
increases during inflammation, infection, and trauma
largely as a result of increased gene transcription in
hepatocytes mediated by the inflammatory cytokines
(Hellman & Gitlin, 2002).

The liver largely exercises copper homeostasis, and
the hepatocytes are the primary site of copper metabo-
lism. Hepatocytes are highly polarized epithelial cells
that regulate copper excretion in the bile dependent
on the intracellular copper concentration. The copper
chaperone Atxl is required for the delivery of
copper to ceruloplasmin; however, the mechanism of
copper incorporation into ceruloplasmin is not well
understood. Studies of Saccharomyces cerevisiae show that
both the H*-transporting V-type AT Pase and the CLC
chloride channel Gefl are necessary for copper incor-
poration in the homologous multicopper oxidase Fet3
(Gaxiola ez al., 1998). Ceruloplasmin is capable, in vitro,
of catalyzing oxidation of a number of different sub-
strates. This has caused some confusion as to the phys-
iologic role of this protein. Ceruloplasmin from human
serum has considerable ferroxidase activity necessary for
the oxidation of the ferrous iron and incorporation of
ferric iron in apotransferrin (Osaki et a/., 1971).

4. Superoxide Dismutase

Superoxide dismutase (SOD) is a member of the oxi-
doreductase family of enzymes. There are several forms
of superoxide dismutase, including Mn-SOD, Fe-SOD,
and Cu,Zn-SOD. The Mn-SOD is found exclusively in
the mitochondria, whereas the Fe-SOD is generally
found in prokaryotes. The Cu,Zn—-SOD is active in the
cytoplasm of eukaryotes and is the most abundant form
of SOD. Cu,Zn-SOD is a dimer of identical subunits
with a molecular weight of 16kDa. One Cu(ll) and one
Zn(II) are included in each dimer. The role of zinc ions
in SOD is structural, and the copper ions take part in
the catalytic process. It is based on a redox process, and
zinc does not take part in those reactions. SOD cat-
alyzes the disproportion of the superoxide anion (O;3")
to a less dangerous reactive oxygen species. SOD cat-

alyzes the conversion of the superoxide anion according
to the following process:

Cu*+05 -5 Cu*+0,
Cu"+05 +2H* - Cu**H,0,
Net reaction: 205 +2H* - H,0,+0,

Recently, a Ni-containing SOD was found in Strepro-
myces griseus and S. coelicolor (Youn et al., 1996). The sub-
units of Cu,Zn-SOD are stabilized by an intrachain
disulfide bond but associated by noncovalent forces.
This enzyme requires copper and zinc for its biological
activity, and the loss of copper results in its complete
inactivation, which can lead to the development of
human diseases.

F. Zinc: The Ubiquitous Trace Element

Zinc has been known to be essential to life since 1869,
when it was discovered that it was required by Asper-
gillus niger. It differs chemically from its neighbors in
the transition metal area of the periodic table. Zinc does
not take part in redox reactions, but it is a good Lewis
acid. In fact, it could be called Nature’s Lewis acid. It
has a hard metal center and is ideally suited for coordi-
nation of N- and O-donors. It is also highly polarizing,
and the activity of Zn(Il)-dependent enzymes is due to
the Lewis acidity of the metal center. In addition, it is
characterized by fast ligand exchange. The first enzyme
to be recognized as a zinc metalloenzyme was carbonic
anhydrase, an enzyme essential for respiration in
mammals. At present, zinc metalloenzymes have been
recognized in all classes of enzymes. Today, more than
300 enzymes are known to be dependent on zinc for cat-
alytic, structural, regulatory, and noncatalytic functions.
Examples of enzymes in which zinc plays a catalytic role
include carbonic anhydrase, carboxypeptidase, ther-
molysin, and aldolases. Zinc stabilizes the quaternary
structure of oligomeric holoenzymes. It dimerizes Bacil-
lus subtilus o-amylase without affecting its enzymatic
activity and stabilizes the pentametric quaternary struc-
ture of asparatate—transcarbamylase. Zinc acts as an
activator of bovine lens leucine aminopeptidase and
inhibits the activity of porcine kidney leucine
aminopeptidase and fructose-1,6-bisphosphatase.

1. Zinc and Enzymes

Zinc has three types of roles with regard to enzymes:
catalytic, cocatalytic, and structural (see Table XIII).
Carbonic anhydrases are a widely expressed family of
enzymes that catalyze the reversible reaction CO, +
H,O = HCO; + H*. These enzymes therefore both
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TABLE XIIl. Examples of Zinc Metalloproteins
Enzyme Role of Zinc Enzyme Role of zinc
Class I: Oxidoreductases Carboxypeptidase (other) Catalytic
Alcohol dehydrogenase Catalytic, non-catalytic Carboxypeptidase A Catalytic
D-Lactate cytochrome reductase ? Carboxypeptidase B Catalytic
D-Lactate dehydrogenase Catalytic Collagenase Catalytic
Superoxide dismutase Structural (copper Creatinase ?
catalytic) Cytidine deaminase Catalytic
D-Carboxypeptidase Catalytic
Class Il: Transferases DD carboxypeptidase Catalytic
Aspartate transcarbamylase Structural Dihydropyrimidine aminohydrolase ?
Cobalamin-dependent methionine Catalytic Dipeptidase Catalytic
synthase Elastase ?
Cobalamin-independent methionine Catalytic Fructose-I,6-bisphosphatase Regulatory
synthase Neutral protease Catalytic
DNA polymerase Catalytic Nuclease P, ?

Mercaptopyruvate sulphur transferase ?
Nuclear poly(A) polymerase Catalytic
Phosphoglucomutase ?

Protein farnesyltransferase Catalytic
Reverse transcriptase Catalytic
RNA polymerase Catalytic
Terminal dNT transferase Catalytic
Transcarboxylase ?

Class lll: Hydrolases

o-Amylase Structural
o-D-Mannosidase ?
B-Lactamase I Catalytic
Adenosine deaminase Catalytic

Alkaline phosphatase Catalytic, noncatalytic
Aminocyclase ?
Aminopeptidase Catalytic, regulatory

Aminotripeptidase Catalytic
AMP deaminase ?

Angiotensin-converting enzyme Catalytic
Astacin Catalytic

Nucleotide pyrophosphatase Catalytic
Phosphodiesterase (exonuclease) Catalytic
Phospholipase C Catalytic
Procarboxypeptidase A Catalytic
Procarboxypeptidase B Catalytic
Thermolysine Catalytic
Class IV: Lyases

d-Aminolevulinic acid Catalytic
dehydratase

Carbonic anhydrase Catalytic
Fructose-I,6-bisphosphatase adolase Catalytic
Glycoxalase Catalytic
L-Rammulose- | -phosphate adolase Catalytic
Class V: Isomerases

Phosphomannose isomerase ?

Class VI: Ligases
Pyruvate carboxylase ?
TRNA synthetase Catalytic

Source: Data from Prasad (1995) and McCall et al. (2000).

produce HCOj for transport across membranes and
consume HCO3, which has been transported across
membranes (Sterling er al, 2001). Erythrocytes of
mammals have two isoenzymes of carbonic anhydrase:
CAI, which has a low activity, and CAII, which has high
activity. The molecular weight of human CAI is 30,000
Da, and it contains one atom of zinc per molecule.
Human CAII has 259 amino acids, while human CAI
has 260 amino acids, and the two isoenzymes share 60%
sequence homology. In carbonic anhydrase, zinc is

catalytic.

An example of the structural role of zinc in enzymes
is aparatate transcarbamylase (AT'Case). This enzyme
catalyzes the first step in pyrimidine biosynthesis, con-
densation of aspartate, and carbamyl phosphate. It is an
allosterically regulated enzyme, and its activity is inhib-
ited by cytidine triphosphate (CTP) and activated by
ATP. Both responses seem to make sense from a phys-
iological perspective. If CTP levels are already high,
additional pyrimidines are not needed, and high ATP
signals offers both a purine-rich state and an energy-
rich cell condition under which DNA and RNA
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synthesis can be active. There are similarities with
hemoglobin in that the allosteric regulation of AT Case
involves changes in the quaternary structure of the mol-
ecule. A change in the molecule from the tense state to
the relaxed state involves a major rearrangement of
subunit positions (Purcarea er 4l., 1997).

Leucine aminopeptidase (LAP) is a prototypic dizinc
peptidase that has been studied intensely. The enzyme
is present in animals, plants, and bacteria and has
various tissue-specific physiological roles in the pro-
cessing or degradation of peptides. Human LAP has
been shown to catalyze postproteosomal trimming of
the N terminus of antigenic peptides for presentation
on major histocompatibility complex class I molecules
(Beninga et al., 1998; Striter et al., 1999). The two zinc
atoms bound to LAPs work in two different ways: One
has a catalytic function, and the other regulates the
activity induced by the zinc atom at the first site.

Alcohol dehydrogenase is a zinc-dependent enzyme.
At least in some species, zinc may be essential for pro-
tection against oxidative damage (Tamarit et a/., 1997).
In humans, there are at least nine different forms of the
enzyme, most of which are found in the liver. It should
be noted that an unusual iron- and zinc-containing
alcohol dehydrogenase has been identified in the hyper-
thermophilic archaeon Pyrococcus furiosus (Ma & Adams,
1999). Alcohol dehydrogenase is our primary defense
against alcohol intoxication. It catalyzes the following
reaction:

Alcohol Aldehydede

dehydrogenase hydrogenase
Acetaldehyde

Ethanol Acetic acid

In fact, alcohol dehydrogenase catalyzes a transforma-
tion to a yet more toxic product, acetaldehyde. So, this
toxic molecule is transformed in the next step by alde-
hyde dehydrogenase to acetic acid and other molecules
(Duester, 1998) that can be used by the cells. Alcohol
dehydrogenase also catalyzes the transformation of
retinol in the eye to retinaldehyde and by aldehyde
dehydrogenase to retinoic acid. This first line of defense
against alcohol, however, is beset with some dangers
because alcohol dehydrogenase also modifies other
alcohols, often producing dangerous products. For
instance, methanol is converted into formaldehyde,
which causes damage to proteins and possibly cancer.
Small amounts of methanol cause blindness when the
sensitive proteins in the retina are attacked, and larger
amounts lead to widespread damage and death
(Barceloux et 4l., 2002).

The alcohol dehydrogenases are NAD(H) dependent

and have two subunits. Each subunit contains two zinc

atoms and binds one molecule of NAD(H). One zinc
atom is essential for the catalytic effect, and the role of
the second is largely still unknown; however, it does not
seem to be necessary for structure in many cases. There
is evidence that zinc may be of importance for the con-

formational stability of yeast alcohol dehydrogenase
(Yang & Zhou, 2001).

2. Zinc and Gene Expression

Itis by now well established that zinc plays a very impor-
tant role in gene expression. The importance
can be appreciated from the fact that about 25% of the
zinc content of rat liver is found in the nucleus, and
a significant amount of zinc is incorporated into
nuclei in vitro (Cousins, 1998). One subject of major
importance is genetic stability. The correct sequence
of nucleotides in DNA is essential for proper replication,
gene expression, and protein synthesis. Zinc is involved
in the processes of genetic stability and gene expression
in avariety of ways, including the structure of chromatin,
replication of DNA, and transcription of RNA through
the activity of transcription factors and RNA and DNA
polymerases, as well as playing a role in DNA repair and
programmed cell death (Falchuk, 1998).

Until the late 1980s, DNA-binding proteins were not
well represented among the nearly 300 zinc-containing
proteins known at that time. The multisubunit bacterial
RNA polymerases were found to be zinc dependentin the
early 1970s. Following these findings, the eukaryotic
RNA polymerases, containing many more subunits than
the bacterial enzymes, were also found to be zinc
enzymes. Replicative DNA polymerases are essential for
the replication of the genome of all living organisms.
They catalyze the chemical reaction of DNA synthesis:

template — primer — (dNMP), +dNTP —
template — primer — (ANMP),,, + PP,

where dNMP and dNTP are deoxynucleoside 5’-
monophosphate and  5’-triphosphate, respectively.
During the reaction, inorganic pyrophosphate is
released. The reaction requires a 3’-hydroxyl group
of the primer for the nucleophilic attack on the o-
phosphate of the incoming dNTP. The released pyro-
phosphate is hydrolyzed, thus providing energy for
the reaction.

The sequence similarities may be used to classify
them into three types. Type A polymerases are homol-
ogous to bacterial polymerases, type B includes archaeal
DNA polymerases and eukaryotic DNA polymerase o,
and type C is made up of the bacterial polymerase III
class. The catalytic mechanism of all three types
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involves two metal-binding acidic residues in the active
site.

One very important aspect of zinc is the so-called zinc
fingers, which were first discovered as the transcription
factor ITIA (TFIIA). TFIIIA is a site-specific DNA-
binding protein that plays a central role in controlling
the transcription of 5S ribosomal RNA genes in the
African toad Xenopus laevis. This protein is slightly
unusual because not only does it recognize the internal
control region of about 45bp in the center of the 5S
RNA gene, but also TFIIIA itself is bound to the
product. The name “zinc fingers” was introduced
because of the specific interaction between the amino
acids cysteine and histidine and a zinc ion responsible
for the formation of the characteristic loop structure
(Figure 22). Zinc fingers are generic protein motifs that
can mediate DNA-binding and are both widespread and
multifunctional. Since first being discovered in the early
1980s, several more zinc-finger proteins have been
identified. More than 50 zinc-finger proteins are known
today.

Zinc-finger domains are common, relatively small
protein motifs that fold around one or more zinc ions.
In addition to their role as DNA-binding modules, zinc-
finger domains have recently been shown to mediate
protein:protein  and  protein:lipid  interactions
(Ladomery & Dellaire, 2002). This small zinc-ligating
domain, often found in clusters containing fingers with
different binding specificities, can facilitate multiple,
often independent intermolecular interactions between
nucleic acids and proteins. Classical zinc fingers, typi-
fied by TFIIIA, ligate zinc via pairs of cysteine and his-

FIGURE 22 General structure of zinc fingers.

tidine residues, but there are at least 14 different classes
of zinc fingers, which differ in the nature and arrange-
ment of their zinc-binding residues. Some types of zinc
fingers can bind to both DNA and a variety of proteins.
Thus, proteins with multiple fingers can play a complex
role in regulating transcription through the interplay
of these different binding selectivities and affinities
(Ladomery & Dellaire, 2002). Other zinc fingers have
more specific functions, such as DNA-binding zinc-
finger motifs in the nuclear hormone receptor proteins
and small-molecule-binding zinc fingers in protein
kinase C. Some classes of zinc fingers appear to act
exclusively in protein-only interactions. It has also been
suggested that zinc fingers, in addition to the functions
described above, play a protective role through their
prevention of chemical attack by, for example, radicals
or reactive oxygen species (Dreosti, 2001).

3. Zinc and Metallothionein

Metallothionein is a generic name for a superfamily of
ubiquitous proteins or polypeptides possessing sulfur-
based metal clusters. These proteins consist of a single
polypeptide chain of 61 to 62 amino acids that contains
20 cysteine residues that, in turn, contain several biva-
lent cations such as zinc bound through metal-thiolate
linkages. These clusters are usually formed through
the preferential coordination of d'° metal ions by the
cysteine thiolate ligands. Currently, four isoforms of
metallothionein have been identified. Not all of them
are expressed in all organs of mammals. Quite substan-
tial differences exist among species. Metallothionein
isoforms I and II have a ubiquitous tissue distribution,
with particular abundance in liver, pancreas, intestine,
and kidney, whereas isoforms III and IV are found prin-
cipally in brain and skin (Davis & Cousins, 2000).
The zinc coordination in metallothionein is excep-
tional. The structure is a dumbbell-shaped molecule
with two domains, in each of which zinc is bound in a
cluster. In one domain, three zinc atoms are bound to
nine cysteines; in the other domain, four zinc atoms are
bound to 11 cysteines. In this way, each zinc atom is
bound tetrahedrally to four cysteines, but overall there
are fewer than the maximum number of possible ligands
for the seven metals; consequently, some of the cys-
teines form ligand bridges that form an extensive
zinc-sulfur network. The protein envelops the zinc
atoms in a manner that effectively shields them from the
environment and leaves only a few of the sulfur ligands
partially exposed to solvent. Because both protein struc-
ture and tetrahedral zinc coordination preclude access
of ligands to zinc, it would seem that a conformational
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change of the protein is necessary to release zinc (Maret,
2000).

It is challenging that very few suggestions as to the
biological functions of metallothionein have emerged,
although the protein has been extensively studied for
decades. The main consensus seems to be that it has a
role in the detoxification of metal. The biological func-
tion of metallothionein is likely related to the physio-
logically relevant metals that it binds. Recent studies
have produced strong evidence to support the idea that
metallothionein functions as a metal chaperone for the
regulation of gene expression and for the synthesis and
functional activity of metalloproteins and metal-
dependent transcription factors (Xun & Kang, 2002).
Vital roles for this pleiotropic protein in more primitive
life forms involve the sequestration of environmental
metals such as cadmium and mercury.

It has been suggested recently that a biological func-
tion of metallothionein is to provide redox functions to
the cells. The association of zinc with only sulfur ligands
and the biological significance of the peculiar cluster of
metallothionein and its purpose have not been eluci-
dated in detail; however, Maret (2000) provided a chem-
ical solution to this challenge: The cluster unit operates
via a novel mechanism that allows the cysteine sulfur
ligands to zinc to be oxidized and reduced with the con-
comitant release and binding of zinc. This results in an
oxidoreductive process exercised by the ligands of the
otherwise redox-inert zinc atom. Thus, metallothionein
can become a redox protein in which the redox chem-
istry originates not from the metal atom but rather from
its coordination environment.

Although zinc, copper, cadmium, mercury, gold, and
bismuth are all metals that induce metallothionein, zinc
is the primary physiological inducer. Zinc and copper
are essential trace elements, and the other metals are
environmental toxicants; however, copper in nontoxic
concentrations does not induce metallothionein (Coyle
& Phicox, 2002). Metal regulation of metallothionein
genes is a complex process involving several steps. In
short, the binding of zinc to metal transcription factor
1 (MTF-1) allows the protein to bind to metal-respon-
sive elements (MREs) in the promotor region, which
subsequently initiates metallothionein gene transcrip-
tion. It has been proposed that MTF-1 regulates the
free zinc concentration by controlling the expression of
metallothionein as well as that of a zinc-transporter
protein, ZnT-1. Basal expression of MTF-1 may be
controlled by a zinc-sensitive inhibitor, which prevents
MTF-1 binding to MREs. Zinc dissociates the inhibitor
from MTF-1, thereby promoting transcription of me-
tallothionein. MTF-1 is important in the regulation of

a number of genes that play a role in cellular response
to various stresses (Coyle & Phicox, 2002). Figure 23
illustrates a model of the complex interactions control-
ling the expression of metallothionein.

4. Zinc and Inflammation

There is no single factor regulating metallothionein
synthesis in inflammation; instead, a complex interrela-
tionship exists between factors that, in combination and
in different tissues, act synergistically on metallo-
thionein gene transcription. Nucleotide sequences
other than MREs respond to glucocorticoids, inter-
leukin-6 (IL-6), phorbol esters, and hydrogen peroxide.
Many of the acute-phase proteins appear to be regulated
by combinations of the same factors that include cate-
cholamines and glucocorticoids as well as the cytokines
IL-6, IL-1, TNF-o, and y-interferon. Unlike other
acute-phase proteins, metallothionein induction by
inflammatory mediators has been found to be condi-
tional upon the presence of zinc. Reactive oxygen
species generated during the inflammatory response
may induce metallothionein through multiple path-
ways, including directly stimulating an antioxidant
response element and specific MREs in the promoter
region as well as by events associated with various
second-messenger protein kinase pathways.

5. Zinc, Insulin, and Diabetes

Several forms of disordered glucose metabolism are col-
lectively referred to as diabetes. Although all diabetes
mellitus (mellitus = “sweet as honey”) syndromes have
some degree of hyperglycemia in common, this is a
symptom rather than the metabolic error itself. In
insulin-dependent diabetes mellitus {DDM), there is a
destruction of the beta cells of the islets of Langerhans
in the pancreas, most often on an autoimmune basis,
which results in no insulin being produced. Without
insulin, muscle, fat, and liver cells cannot transport
glucose from the blood to the intracellular space. Intra-
cellular starvation ensues, with fats becoming the
primary intracellular energy source. This form of
energy generation results in the production of ketone
bodies and organic acids, primarily acetoacetic and beta
hydroxybutyric acids, resulting in the development of
severe metabolic acidosis (Chausmer, 1998).

With non-insulin-dependent  diabetes mellitus
(NIDDM), the pancreatic islet cells are capable of pro-
ducing large quantities of insulin, at least at the begin-
ning of the disease. In the healthy individual, insulin
binds to a cell membrane receptor and, through several
pathways, results in the transport of glucose across the
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membrane. The intracellular events associated with
the activation of glucose transport, after the signal from
the insulin-receptor complex is received, are referred to
as postreceptor events. To a great extent, it is the failure
of the postreceptor events that results in hyperglycemia.
In response to the hyperglycemia, the pancreatic islets
produce greater and greater quantities of insulin, result-
ing in downregulation of the number of insulin recep-
tors on the cell membrane and compounding the
problem. This results in both hyperglycemia and hyper-
insulinemia (Chausmer, 1998).

There is an intriguing relation between zinc and
insulin regarding the storage of insulin in granulae of
the pancreatic islets. Although insulin circulates in the
blood and binds to its receptor as a monomer, it forms
dimers at micromolar concentrations, and in the pres-
ence of zinc ions it further assembles to hexamers. The
insulin monomer itself consists of two chains: an A
chain of 21 amino acids and a B chain of 30 amino acids.
Insulin is synthesized in the B cells of the islets of
Langerhans. The B cells are characterized by two fea-
tures associated with cells that export proteins: rough
endoplasmatic reticular surfaces and well-defined
storage vesicles. In this case, the vesicle typically con-
tains microcrystals of packaged insulin. The presence of
zinc is crucial for the stability of this storage system. On
release into the blood, the insulin microcrystals experi-

ence a change of pH from about 5.5 to 7.4. This causes
the hexamers and therefore the crystal to disintegrate
rapidly (Dodson & Steiner, 1998).

The predominant effect on zinc homeostasis of
diabetes is hypozincemia, which may be the result of
hyperzincuria or decreased gastrointestinal absorption
of zinc or both. Whereas the evidence for increased zinc
excretion is uniform, the data supporting decreased
absorption of zinc are less clear cut. It appears that
hyperzincuria is more a result of hyperglycemia than of
any specific effect of endogenous or exogenous insulin
on the renal tubule (Chausmer, 1998).

The zinc-metallothionein complex in the islet cells
may provide protection against radicals produced in the
cell from any cause, and certainly the immune-
mediated, cytokine-provoked oxidative stress would be
a significant oxidative stress. The more depleted the
intracellular zinc stores, the less able the cell is to defend
itself against this oxidative load. This provides a poten-
tial mechanism for zinc deficiency to affect the progress
of IDDM. With NIDDM, there is no good evidence
for oxidative stress as a major factor in the development
of either insulin deficiency or islet cell damage;
however, there is clear evidence for increased secretion
of insulin, at least early in the progress of the disease.
Because zinc leaves the cell with insulin, the greater
secretion of insulin causes depletion of zinc. The cell
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can make more insulin, but it cannot make more zinc.
With hypozincuria and decreased retention, the zinc is
more likely to be excreted and not available for reup-
take into the cellular pool. Zinc deficiency may there-
fore negatively affect the progress of NIDDM
(Chausmer, 1998).

6. Zinc and the Immune System

It is by now well recognized that nutritional factors are
important for the function of the immune system. In the
case of zinc, the situation currently of interest is its defi-
ciency and subsequent adverse effects on immune func-
tions. Studies in young adult mice have shown greatly
depressed responses to both T-lymphocyte-dependent
and -independent antigens. Both primary and second-
ary antibody responses have been reported to be
lowered in zinc-deficient mice. Declines in iz vivo-
generated cytotoxic T-killer activity as well as decreased
natural killer (NK) cells have been reported in zinc-
deficient mice. All these effects of zinc deficiency on
immune functions in mice can be reversed with zinc
supplementation (Dardenne, 2002).

Malabsorption of zinc occurs in the hereditary disease
acrodermatitis enteropathica, in which patients experi-
ence thymic atrophy, anergy, reduced lymphocyte prolif-
erative response to mitogens, selective decrease in T4*
helper cells, and deficient thymic hormone activity. All of
these symptoms may be corrected with zinc supplemen-
tation. Less severe cellular immune defects have been
reported in patients who become zinc-deficient while
receiving total parenteral nutrition. Controversial and
partly contradictory results have been obtained when
zinc intakes were high. In experimental models, high-
zinc diets have been shown to reinforce immune func-
tions above basal levels. Other studies have demonstrated
the adverse effects of zinc excess; therefore, caution
should be exercised when taking large zinc supplements
for prolonged periods of time (Dardenne, 2002).

Several possible hypotheses can be offered regarding
the mode of action of zinc on immune function. Zinc
may be necessary for the activity of some immune
system mediators such as thymulin, a nonapeptidic
hormone secreted by thymic epithelial cells that
requires the presence of zinc for its activity. This
peptide promotes T-lymphocyte maturation, cytotoxic-
ity, and IL-2 production. Thymulin activity in both
animals and humans is dependent on plasma zinc con-
centrations. Zinc could also be critical for the activity
of some cytokines; for example, it has been demon-
strated that the production or activity of IL-1, IL-2, IL-
3, IL-4, IL-6, IFN-y, and TNF-o are affected by zinc

deficiency. Zinc could contribute to membrane stabi-
lization by acting at the cytoskeletal level. Additionally,
zinc is a major intracellular regulator of lymphocyte
apoptosis. Thus, it is becoming evident that the thymic
atrophy and lymphopenia that accompany zinc defi-
ciency are primarily due to an alteration in the produc-
tion of lymphocytes and the loss of precursor cells via
an apoptotic mechanism (Dardenne, 2002).

G. Selenium and Iodine: Young and
Old Trace Elements

These trace elements are found in the non-metal area
of the periodic table. Although they are neighbors,
significant differences exist in their chemical behavior.
Selenium is a nonmetal with semiconductor properties,
and iodine is a halogen. The biological history of iodine
can be traced back to the beginning of the nineteenth
century when a physician named Jean-Francois Coindet
(1821) used various iodine solutions to treat goiter.
Another halogen, although more reactive than iodine,
fluorine was also quite early connected to goiter. It was
shown that feeding a dog with sodium fluoride caused
goiter to appear (Maumené, 1854). The human essen-
tiality of iodine was established in 1850.

The scientific community’s appreciation of the trace
element selenium has more or less undergone a meta-
morphosis. The toxic effects of selenium were first dis-
covered in the 1930s when livestock ate certain plants
with unfortunate results. This problem, mistakenly
called “alkali disease,” occurred in an acute form fol-
lowing the consumption by range animals of some wild
vetches of the genus Astragalus, which accumulated
toxic amounts of selenium from the soil (Moxon, 1937).
An historical aside is that it is thought that General
Custer might have survived his trip to the Little
Bighorn if reinforcements had not been delayed by pack
animals that were apparently suffering from selenium-
induced lameness. In 1943, selenium was even consid-
ered to be a carcinogenic element (Nelson, 1943). It was
some years before selenium was recognized as an essen-
tial trace element (Schwartz & Foltz, 1957). In the late
1960s, research suggested an anticarcinogenic effect of
selenium (Shamberger & Frost, 1969).

1. Iodine Biochemistry

The thyroid, the largest endocrine gland in the body, is
located in the neck. The normal gland consists of two
lobes connected by a narrow isthmus and is composed
of numerous functional units called fo/licles. Only one
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FIGURE 24 An overview of iodine metabolism.

clearly established function has been demonstrated: to
synthesize its hormones, thyroxine (T%) and 3,5,3"-tri-
iodothyronine (T5). lodine is an integral part of T4 and
T; that contributes 65 and 59% to their respective
molecular sizes (Dunn & Dunn, 2001). Figure 24 pro-
vides an overview of iodine metabolism, which includes
thyroglobulin (Tg) iodination, hormone formation,
hormone release, and factors that influence these
processes. Details regarding iodine metabolism have
been known for some time; however, new information
still appears quite often in the literature. Of special
interest, of course, are the cell trafficking and regula-
tory aspects.

Todine provides the raw material for hormone syn-
thesis. In order to accomplish this function, iodine must
be transported across the basal membrane of the thyroid
by the sodium iodide symporter (Shen ez 4l., 2001). The
major factors involved in this process are thyroperoxi-
dase (TPO), hydrogen peroxide, nicotinamide adenine
dinucleotide phosphate (NADPH), pendrin, cell-traf-
ficking proteins (the molecular chaperones), and Tg
itself (Dunn & Dunn, 2001).

Todine is ingested in a variety of chemical forms. Most
ingested iodine is reduced in the gastrointestinal tract
and absorbed almost completely. Some iodine-contain-
ing compounds (e.g., thyroid hormones) are absorbed
intact. Iodate, widely used in many countries as an addi-
tive to salt, is rapidly reduced to iodide and completely
absorbed. Once in the circulation, iodide is removed by
the thyroid gland and the kidney. The thyroid selec-
tively concentrates iodide (see above and Figure 24) in
amounts required for adequate thyroid hormone syn-
thesis. Most of the remaining iodine is excreted in the
urine. Several other tissues can also concentrate iodine,
including salivary glands, breast tissue, choroid plexus,

and gastric mucosa. Other than the lactating breast,
these are minor pathways of uncertain significance.

The NIS sodium iodide symporter in the thyroidal
basal membrane is responsible for iodine concentration.
It transfers iodide from the circulation into the thyroid
gland at a concentration gradient of about 20 to 50
times that of the plasma to ensure that the thyroid gland
obtains adequate amounts of iodine for hormone
synthesis.

Todine in the thyroid gland participates in a complex
series of reactions to produce thyroid hormones. Thy-
roglobulin, a large glucoprotein weighing 666kDa, is
synthesized within the thyroid cell and serves as a
vehicle for iodination. Iodide and Tg meet at the apical
surface of the thyroid cell. There, TPO and H,O,
promote the oxidation of the iodide and its simultane-
ous attachment to tyrosyl residues within the Tg
molecule to produce the hormone precursors
diiodotyrosine and monoiodotyrosine. Thyroperoxi-
dase further catalyzes the intramolecular coupling of
two molecules of diiodotyrosine to produce T, A
similar coupling of one monoiodotyrosine and one
diiodotyrosine molecule produces T;. Mature iodinated
Tg is stored extracellularly in the lumen of thyroid fol-
licles, with each consisting of a central space rimmed by
the apical membranes of thyrocytes (Dunn & Dunn,
2001).

Thyroglobulin, which contains the thyroid hor-
mones, is stored in the follicular lumen until needed.
The endosomal and lysosomal proteases digest T'g and
release the hormones into the circulation. About
two-thirds of Tg iodine is in the form of the inactive
precursors monoiodotyrosine and diiodotyrosine. The
iodine is not released in the circulation but instead is
removed from the tyrosine moiety by a specific deiodi-
nase (see below) and then recycled within the thyroid
gland. This process is an important mechanism for
iodine conservation, and individuals with impaired or
genetically absent deiodinase activity risk iodine
deficiency.

Once in the circulation, T4 and T; rapidly attach to
several binding proteins synthesized in the liver, includ-
ing thyroxine-binding globulin, transthyretin, and
albumin. The bound hormone then migrates to target
tissues where T, is deiodinated to T35, which is the
metabolically active form. The responsible deiodinase
contains selenium, and selenium deficiency may impair
T, conversion and hormone action. The iodine of T},
returns to the serum iodine pool and follows the cycle
of iodine again or is excreted in the urine.

Thyroid-stimulating hormone (T'SH) is the major
regulator of thyroid function. The pituitary secretes this
protein hormone, which has a molecular weight of
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about 28kDa, in response to circulating concentrations
of thyroid hormone: TSH secretion increases when
levels of circulating thyroid hormone decrease. TSH
affects several sites within the thyrocyte. The principal
actions are to increase thyroidal uptake of iodine and to
break down Tg in order to release thyroid hormone into
the circulation. An elevated serum TSH concentration
indicates primary hypothyroidism and a decrease in
TSH concentration reflects hyperthyroidism.

2. Selenium Biochemistry

Selenium is primarily taken up from the soil by plants
as selenate (SeO%") or selenite (SeO3"). The assimilation
of selenate appears to follow the sulfate reduction
pathway common to higher plants (Figure 25). Analo-
gous to sulfur metabolism, selenate is presumed to be
activated by ATP sulfurylase to adenosine phosphosele-
nate, which then is reduced to selenite. Selenite reacts
nonenzymatically with glutathione to form selen-
odiglutathione, which is readily reduced to selenide by
flavine-dependent disulfide reductases, such as glu-
tathione or thioredoxin reductase. In mammals, selen-
ite may also be directly reduced by thioredoxin
reductase. Selenide is the central metabolite in the uti-
lization and excretion of selenium. It serves as a sub-
strate for the biosynthesis of selenocysteine by cystein
synthases, and it is transformed into selenophosphate,
which is required for selenoprotein biosynthesis. Alter-
natively, it can be methylated by S-adenosylmethionine-
dependent methyl transferases, which leads to excretion
or volatilization of selenium (Ellis & Salt, 2003).
Cereals and forage crops convert selenium into
mainly selenomethionine and incorporate it into
protein in place of methionine because tRNAM* does
not discriminate between methionine and selenome-
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FIGURE 26 The major pathway of selenomethionine
synthesis by plants, marine algae, and yeast.

thionine. The major pathway of selenomethionine syn-
thesis by plants, marine algae, and yeast is shown in
Figure 26. There are some doubts, however, that
marine algae can reduce selenate. It is also unclear
whether higher animals can make use of selenate
without the support of intestinal flora (Birringer et /.,
2002). Selenomethionine is not required for growth by
plants but is produced along with methionine in quan-
tities depending on the amount of selenium available
(Schrauzer, 2000). Practically all small organic selenium
compounds in plants, bacteria, yeast, and animals are
the isologs of corresponding sulfur compounds (Table
XIV). Most of the known selenoproteins contain one or
more selenocysteine residues integrated into the main
polypeptide chain. The incorporation of selenocysteine
is a cotranslational process that makes use of the micro-
somal machinery of protein synthesis; however, the
process is unique in several respects (Birringer ez al.,
2002).

An intriguing phenomenon, usually referred to as the
hierarchy of selenoproteins, has been observed in
mammals. It recognizes that the individual selenopro-
teins respond differently to selenium availability when
it is limiting (Birringer et /., 2002).

3. Selenoproteins

The selenium-containing proteins identified thus far
can be divided into three groups: proteins into which
selenium is incorporated nonspecifically, specific sele-
nium-binding proteins, and specific proteins that
contain selenium in the form of genetically encoded
selenocysteine and that have been defined as seleno-
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TABLE XIV. Distribution (%) of Inorganic and Organic Selenium
Compounds in Garlic and Yeast Extracts, Determined by HPLC-ICP-MS

Garlic Yeast
Compound (296mgkg™' Se) (1922mgkg™' Se)
Selenate 2 ND
Selenite ND |
Selenocystine 0.5 0.5
Selenocystathione 0.5 |
Se-methylated selenocysteine 3 0.5
v-Glutamyl-Se— 73 0.5
methylselenocysteine
Selenomethionine 13 85
v-Glutamylselenomethionine 4 ND
Se-Adenosylselenohomocysteine ND 3
Selenolanthionine ND 1.5
Total selenium (%) 96 93

Note: ND = not determined.

Source: From Kotrebai, M. et al., Analyst, 125, 71-78, 2000.

proteins. In addition, there are proteins in which
selenium has been demonstrated but for which no
information regarding function is yet available (Behne
& Kyriakopoulos, 2001).

Although there are intriguing differences between
the selenoproteins found in prokaryotes and eukaryotes,
especially mammals (Tables XV and XVI), this chapter
deals exclusively with mammalian proteins in this
context. In fact, at present it seems that selenophos-
phate synthetase is the only protein belonging both to
prokarya and eukarya.

Selenium exerts its biological function through
certain proteins containing the element. In this situa-
tion, it is in the form of covalently bound selenocys-
teine. The incorporation of selenium into these proteins
requires a set of specific factors. Among others, in-
corporation of sulfur instead of selenium must be
prevented. These elements share similar chemical and
physical properties, and sulfur is much more abundant
in the biosphere than selenium.

All selenoproteins identified thus far are enzymes in
which the selenocysteine residues are responsible for
their catalytic functions. Their metabolic importance is
based on the fact that in contrast to the thiol in cys-
teine-containing enzymes, the selenol is fully ionized at
normal physiological pH and that under comparable
conditions it is of much higher reactivity than the thiol
group (Behne & Kyriakopoulos, 2001).

4. Glutathione Peroxidases

Glutathione peroxidases (GSH-Px) catalyze the reduc-
tion of hydrogen peroxide and organic hydroperoxides.
"This is an important component of the cellular defense
against reactive oxygen species. As can be expected, glu-
tathione usually serves as the electron donor; however, in
some cases other thiols are oxidized to fulfill a specific
biological function. At present, four selenocysteine-
containing GSH-Pxs have been identified (Table XVI):

* Cytosolic or classical glutathione peroxidase—
As the name indicates, it is found in the cytosol of cells.
It is present in almost all tissues but is not homoge-
neously distributed. Cytosolic GSH-Px consists of four
identical selenocysteine-containing subunits of about 22
kDa. It catalyzes the reduction of hydrogen peroxide
and various soluble organic peroxides. In this way, it
contributes to the antioxidant defense against reactive
molecules and complements the effects of vitamin E.
This system seems to be quite insensitive to low activ-
ities of ¢cGSH-Px, and it seems that the protective
effects of cGSH-Px are of particular importance when
the system is exposed to additional stress factors (Behne
& Kyriakopoulos, 2001).

* Gastrointestinal glutathione peroxidase—This
enzyme is thought to protect mammals from the toxic-
ity of ingested lipid hydroperoxides. It is similar to
c¢GSH-Px in that it is a cytosolic enzyme consisting of
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TABLE XV. Selenoproteins in Prokaryotes

TABLE XVI. Mammalian Selenoproteins

Protein Function

Formation of a selenoether
Redox function

Glycine reductase

Glycine/sarcosine/betaine
reductase

Glycine reductase
selenoprotein B

Sarcosine reductase
selenoprotein B

Betaine reductase
selenoprotein B

Proline reductase

Formation of a selenoether
Formation of a selenoether
Formation of a selenoether

Redox function, formation
of a selenoether

Redox function

Redox function (peroxidase)

Redox function

Heterosulfide reductase
Selenoperoxiredoxin
Putative redox active
selenoprotein
Formate dehydrogenase
Formylmethanofuran
dehydrogenase
NiFeSe-hydrogenase
F420 nonreducing hydrogenase
F420 reducing hydrogenase
Selenophosphate synthetase
CO dehydrogenase

Hydrogen donor
Redox function

Hydrogen donor

Redox function

Redox function

Selenoprotein synthesis

Formation of a carbon
oxide selenide

Unknown

Unknown

Nicotinic acid hydroxylase
Xanthine dehydrogenase

Source: Data from Kohrle et al. (2000) and Birringer et al. (2002).

four identical selenocysteine-containing subunits
weighing slightly below 22 kDa. In animal studies, sele-
nium deficiency decreases the enzyme activity; however,
no effect of human gastrointestinal (GI) GSH-Px has
been reported. Gastrointestinal glutathione peroxidase
is the most important selenoprotein antioxidant in the
colon. Oxidative stress is a critical event in tumorigen-
esis. It is therefore likely that the antioxidant function
of GI-GSH-Px is important in the early defense against
colon cancer (Brown & Arthur, 2001).

* Phospholipid hydroperoxide glutathione per-
oxidase—This protein has been shown to have a mem-
brane-associated as well as a cytosolic location. It is
responsible for the reductive destruction of lipid
hydroperoxides, and it was the second mammalian sele-
noenzyme to be discovered. The enzyme is a monomer
of 19.7kDa. The activity of the enzyme is preserved in
preference to cGSH-Px when dietary selenium is low.
It reacts with phospholipid hydroperoxides as well as

Glutathione peroxidases (GSH-Px)
Cytosolic or classical GSH-Px (cGSH-Px, GSH-Px-1)
Gastrointestinal GSH-Px (GI-GSH-Px, GSH-Px-Gl,
GSH-Px-2)
Plasma GSH-Px (pGSH-Px, GSH-Px-3)
Phospholipid hydroperoxide GSH-Px (PhGSH-Px, GSH-Px-4)
lodothyronine deiodinases
5’-deiodinase, type | (5'Dl)
5’-deiodinase, type Il (5’DlIl)
5-deiodinase, type Il (5-Dlll)
Thioredoxin reductases
Thioredoxin reductase (TrxR)
Testicular thioredoxin reductase (TrxR-2)
Mitochondrial thioredoxin reductase (TrxR-3)
Thioredoxin reductase homologues
Selenophosphate synthetase-2
Functionally undefined
15-kDa selenoprotein of T cells
Selenoprotein P10
Selenoprotein P12
Selenoprotein W
Selenoprotein R
Selenoprotein T
Selenoprotein X
Selenoprotein N

Source: Data from Kohrle et al. (2000) and Birringer et al. (2002).

small soluble hydroperoxides. It is also capable of
metabolizing  cholesterol and cholesterol ester
hydroperoxides in oxidized low-density lipoprotein.
Consequently, it is well recognized as being essential to
the destruction of fatty acid hydroperoxides, which, if
not reduced to hydroxyl fatty acids, will lead to uncon-
trolled radical chain reactions that are deleterious to the
integrity of membranes (Brown & Arthur, 2001). It has
also been suggested that the enzyme may have impor-
tant functions in the redox regulation of a variety of
processes, such as inflammation and apoptosis, although
it is not known to what extent the other GSH-Pxs are
involved in these reactions (Behne & Kyriakopoulos,
2001). Of note is that a significant role in spermatogen-
esis is exclusively fulfilled by this enzyme.

* Plasma glutathione peroxidase—Extracellular
glutathione peroxidase (pGSH-Px) is another protein
with antioxidant potential. Again, we are confronted
with a tetrameric GSH-Px with subunits of about 23
kDa. The significant difference between pGSH-Px and
c¢GSH-Px, as well as GI-GSH-Px, is that pGSH-Px is
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a glucoprotein and is present in extracellular fluids. It is
secreted into the extracellular fluids from tissues where
it is expressed. The kidney is the main site of produc-
tion for this enzyme. Similar to other tetrameric GSH-
Pxs, pGSH-Px catalyzes the reduction of hydrogen
peroxide and various organic peroxides when glu-
tathione is used as a substrate. The biological function
of this enzyme still has not been unveiled.

5. Thioredoxin Reductases

Thioredoxin reductases are a recently identified family
of selenoproteins that catalyze the NADPH-dependent
reduction of thioredoxin and therefore play a regulatory
role in its metabolic activity. This is a family of homo-
dimeric flavoenzymes present in various tissues. In addi-
tion to the flavin and the active site of the prokaryotic
homologs with their redox-active disulfide, they also
contain selenocysteine as the penultimate C-terminal
amino acid residue, which is indispensable for their
enzymatic activity (Gromer et al., 1998). A description
of the thioredoxin reductases identified so far follows:

* Thioredoxin reductase 1—TrxR1 was the first
thioredoxin reductase to be identified. It is a dimer with
two identical 50-kDa subunits. It is a ubiquitous cytoso-
lic enzyme in contrast to the other types.

* Thioredoxin reductase 2—The second thiore-
doxin reductase to be discovered, it was named
mitochondrial thioredoxin reductase 2 (TrxR2). The
biological role of TrxR2 in the mitochondria is not
known, but it seems to be involved primarily in the pro-
tection against mitochondria-mediated oxidative stress
(Behne & Kyriakopoulos, 2001).

* Thioredoxin reductase 3—A third selenocys-
teine-containing thioredoxin reductase, here named
thioredoxin reductase 3 (IrxR3), is preferentially
expressed in the testes. The deduced sequence of the
human enzyme shows 70% identity to that of TrxR1. It
contains a long N-terminal extension and has a higher
molecular mass (about 65kDa) than the two other
isozymes (Behne & Kyriakopoulos, 2001).

6. Selenophosphate Synthetase 2

Selenophosphate synthetase catalyzes the reaction of
selenide with AMP. The product, selenophosphate, acts
as the selenium donor for the biosynthesis of seleno-
cysteine. In addition to selenophosphate synthetase 1,
which contains threonine in its active center, a seleno-
cysteine-containing homolog of about 50kDa has also
been identified in various human and mouse tissues.
The detection of a selenoenzyme that is involved in the
production of the selenoproteins is of special interest

with regard to regulation of mammalian selenium
metabolism (Behne & Kyriakopoulos, 2001).

7. Iodothyronine Deiodinases

Comparable to the prokaryotic and the methanococcus
world, most of the eukaryotic selenocysteine-containing
proteins with identified function are also involved in
redox reactions (Kohrle, 1999). The deiodinases were
discovered in the 1990s. The iodothyronine deiodinases
are a large group of selenoproteins. Three iodothyro-
nine deiodinases regulate the conversion of thyroxine
(Ty) to 3,3',5-triiodothyronine (T5): the active thyroid
hormone or reverse triiodothyronine (r'T5), the inactive
thyroid hormone. Type I deiodinase (IDI) is expressed
in liver, kidney, brain, pituitary, and brown adipose
tissue of ruminants. Type II deiodinase (IDII) has been
present in the brain and pituitary of all species exam-
ined thus far and in brown adipose tissue of humans.
IDII catalyzes conversion of T, to T within tissues that
cannot utilize circulating T3. Type III deiodinase
(IDIII) converts Ty to r'T; and T; to diiodothyronine;
is found in brain, skin, and placenta; and functions to
deactivate thyroid hormones. The role of selenium in
iodothyronine deiodinases implies that some of the con-
sequences of selenium deficiency may be directly attrib-
uted to disturbances in thyroid hormone metabolism.
The type I enzyme deiodinates 4’-O-sulfates of T4 and
T; at the tyrosyl ring by 5-deiodination. The type II
enzyme acts as a heterotrimeric complex of about
200kDa containing a 29-kDa subunit that interacts with
filamentous actin (Kéhrle, 2000). In contrast to IDI,
IDII is strictly a phenolic-ring 5’-deiodinase that, as a
substrate, prefers Ty to r'T5. The type III enzyme inac-
tivates T and its metabolites by removal of iodine
atoms at the tyrosyl ring. The holoenzyme structure of
this enzyme, containing a 32-kDa substrate binding
subunit, is not yet known (Kéhrle, 2000).

8. Selenoprotein P

The existence of selenoprotein P was reported in 1973
(Burk, 1973); however, it was not until ten years later
that it was recognized as a selenoprotein. The P stands
for its presence in blood plasma. Selenoprotein P has
been purified from humans and rats by a procedure that
includes immunoaffinity chromatography. Six typical
glycosylation sites in the deduced amino acid sequence
of the human proteins have been detected; however, no
characterizations of the bound carbohydrates has been
reported. Selenoprotein P is the first and so far the only
protein described to contain more than one selenium
atom per polypeptide chain. Ten selenocysteine residues
were predicted (Persson Moschos, 2000). Selenopro-
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teins with known enzymatic activity are redox enzymes
that contain selenocysteine in their active sites. A key
issue concerning selenoprotein P that remains to be
revealed is its catalytic function. It has been suggested
that it acts as an extracellular oxidant defense or as a
transport protein. It seems less likely to be a transport-
ing protein because the selenium is covalently bound in
the protein (Persson Moschos, 2000). It is currently
unknown whether selenoprotein P is able to react with
certain phospholipid hydroperoxides under physiologi-
cal conditions (Saito & Takahashi, 2000). Recent work
suggests that selenoprotein P in plasma diminishes the
oxidizing and nitrating reactivity of peroxynitrite, a
reactive intermediate formed by the reaction of nitro-
gen monoxide and superoxide anion. Due to the asso-
ciation with endothelial membranes, it has been
speculated that endothelial cells are protected against
peroxynitrite toxicity by selenoprotein P (Saito &
Takahashi, 2000).

9. Selenoprotein W

Selenoprotein W contains both a selenocysteine residue
that is encoded by a UGA codon in the open reading
frame of the mRNA as well as a bound glutathione
molecule. The protein is localized predominantly in
the cytoplasm (Whanger, 2000; Dae-won et 4., 2002);
however, a small portion of the total selenoprotein W
is associated with the cell membrane. Selenoprotein W
was expressed in all tissues examined in selenium-
supplemented animals including muscle, heart, testis,
spleen, kidney, intestine, tongue, brain, lung, and liver
(Gu et al., 1999). The loss of the protective effect of
selenoprotein W against hydrogen-peroxide-induced
cytotoxicity in cells treated with an inhibitor of glu-
tathione synthesis indicates that the protein is a glu-
tathione-dependent antioxidant iz vivo (Dae-won et al.,
2002). Glutathione and its redox cycle play a critical role
in catabolizing hydrogen peroxide and other peroxides
through enzymatic coupling reactions. Additionally,
glutathione is important for the detoxification of elec-
trophiles and for protection of the thiol groups from
oxidation. Glutathione is also required for regeneration
of the glutathione peroxidase and glutaredoxin system
(Dae-won et al., 2002).

10. Selenoprotein R

Selenoprotein R is a small protein with a molecular
mass of about 12kDa. It contains selenocysteine.
Homologs of this protein have been identified in bac-
teria, archaea, and eukaryotes, and, with the exception
of vertebrate selenoprotein R, all homologs contain cys-
teine in place of selenocysteine (Kryukov et 4l., 2002).

Bioinformatic analyses have suggested a functional
linkage of selenoprotein R to a pathway of methionine
sulfoxide reduction as well as a role of selenoprotein R
in protection against oxidative stress and/or redox reg-
ulation of cellular processes (Kryukov et al, 2002).
Methionine sulfoxide reduction is an important process
by which cells regulate biological processes and cope
with oxidative stress (Hoshi & Heinemann, 2001).
Methionine sulfoxide reductase is a protein that has
been known for decades. It is involved in the reduction
of methionine sulfoxides in proteins. It has been shown
that methionine sulfoxide reductase is only specific for
methionine-S-sulfoxides. The fact that oxidized
methionines occur in a mixture of R and S isomers in
vivo raised the question of how methionine sulfoxide
reductase could be responsible for the reduction of all
protein methionine sulfoxides. The study of Kryukov
and coworkers (2002) explained this puzzle. It appeared
that a second methionine sulfoxide reductase exists
specific for methionine-R-sulfoxides. This reductase
was selenoprotein R, and, in addition, these researchers
showed that it contains zinc.

11. Selenium and Cancer

Chemoprevention is a recently introduced and strongly
growing area within oncology. The number of studies of
chemoprevention has increased drastically during recent
years. The reason for this s, of course, that the possibility
to preventor hinder cancer is generally attractive. A great
number of agents have been tested for prevention of dif-
ferent forms of cancer (Decensi & Costa, 2000). Tamox-
ifen has been used as a chemoprevention agent against
breast cancer as well as raloxifen and synthetic retinoides
and combinations. Several nonsteroidal antiinflamma-
tory preparations have been used against colorectal
cancer, as have cyclooxygenase-2 and prostanoides. Even
calcium has been used in this way, as well as a-difluo-
romethylornithine, which is an irreversible inhibitor of
the enzyme ornithine decarboxylase; also, beta-carotene
and retinol have been used against lung cancer.

The first intervention study of prevention of human
cancer with selenium was performed in Qidong, an area
north of Shanghai with a high incidence of primary liver
cancer. In an urban area, 20,847 inhabitants received
table salt supplemented with 15ppm of selenium as
sodium selenite. Those individuals were thus supple-
mented with about 30 to 50 ug of selenium per day over
the course of 8 years. Supplementation resulted in a
decrease of the incidence of primary liver cancer to 27.2
per 100,000 inhabitants, while it remained at 50.4 per
100,000 inhabitants in four surrounding areas. When
selenium was no longer added to the table salt, the inci-
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dence began to increase (Yu er al, 1991, 1997). In
another trial, 2474 members of families with a high risk
of primary liver cancer were administered 200pg of
selenium as yeast with a high concentration of selenium
or placebo. During the 2-year trial, 1.26% of the con-
trols developed primary liver cancer in contrast to
0.69% in the treated group (p < 0.05). Out of 226
bearers of HBVsAg, 7 of 113 individuals in the placebo
group developed primary liver cancer, while none of the
113 individuals in the treated group developed cancer
during the same period (p < 0.05).

The effects of supplementation of vitamins and trace
elements on cancer incidence and mortality were inves-
tigated in an intervention study in Linxian, China (Li
et al., 1993). This area is known to have the highest
mortalities of esophagus and ventricular cancer. Among
those who received supplementation with beta-
carotene, vitamin E, and selenium, total mortality was
reduced by 9% and cancer mortality by 13%. Mortal-
ity due to ventricular cancer decreased significantly
(20%), while mortality in other forms of cancer
decreased by 19%.

Within this context, prevention of skin cancer assumes
a prominent position, although the outcome of chemo-
prevention has not always been positive. Two excellently
designed studies evaluated the preventive effects of sele-
nium or retinol on skin cancer (Clark et /., 1996; Moon
et al., 1997). The selenium study (Clark ez al., 1996)
showed negative results for the prevention of squamous
cell cancer and basilioma. This study involved 1312
patients that had a history of skin cancer of the non-
melanoma type and lived in areas of the United States
with a naturally low intake of selenium. The investiga-
tion, presented as a post hoc observation, showed a sig-
nificant preventive effect on prostate, lung, and colon
cancer. The cancer incidences were as follows: prostate
cancer (selenium, # = 13; placebo, n = 35; RR (relative
risk) = 0.37; 95% CI (confidence interval); 0.18-0.71;
p=0.002), lung cancer (selenium, 7 = 17; placebo, n=31;
RR =0.54; 95% CI; 0.30-0.98; p = 0.04), and colorectal
cancer (selenium, 7 = 8; placebo, n=19; RR =0.42; 95%
CI; 0.18-0.95; p = 0.03). The study also showed a
decreased total mortality without statistical signifi-
cance, although the total mortality in cancer decreased
significantly.

SEE ALSO THESE CHAPTERS

Chapter 5 (Uptake of Elements from a Chemical Point
of View) - Chapter 8 (Biological Responses of Elements)
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