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The investigation of the nature of living organisms has
been dominated recently by the study of the genome. The
main thrust has been to obtain and interpret linear sequences
of DNA (or RNA) nucleotides, but it is clear that an under-
standing of activity in cells can only come from the further,
now quantitative, analysis of gene products, RNAs, and pro-
teins, but especially from the detailed description of the sec-
ond of these, the proteome, and the functions of its
components. There is, therefore, the need to recognize that
as well as the sequence we must know the structure, the lo-
cal concentration in each compartment, and the activity of
each protein. The activity of a biological polymer, RNA, or
a protein, or even of DNA, in vivo cannot be deduced even
then, since activity is a property of the whole cellular system
and is therefore critically dependent on the concentrations
of small molecules, the metallome, and ions as well as of these
large organic molecules in each compartment.

Many of the small molecule and ion variables are related
to the element contents of the environment so that the envi-
ronment is a part of the living system. The cellular content
of elements is readily divided into a dependence on the con-
centrations of metal ions and their complexes and on simple
nonmetal compounds. Three advantages stem from the study
of the metal elements relative to that of nonmetal, organic,
element distributions that is of C, H, N, O, S, or P: (a) there
are fewer than 20 free chemical elements to discuss (Table
1), which are easily followed in cells; (b) quantitative analy-
sis of metal ions, free and bound, is relatively simple experi-
mentally, even in compartments; and (c) there is a direct
connection to the environment since the elements, for ex-
ample free ions, are usually not grossly changed in com-
pounds. The connection to the environment leads from the
abundance and environmental availability of the elements and
therefore gives an independent variable to the possibilities of
evolution.

An inquiry not just into element requirements in organ-
isms today but to an inspection of evolution linked to Earth’s
chemistry and its changes over 4 × 109 years is then a neces-
sary part of the development of organisms. The nonmetals
bound in small molecular species in cells, also circumscribed
by the state of the elements in the atmosphere and aqueous
solutions, are less easily related to their chemical elements in
the environment and their changes owing to the complexity
of the organic chemistry involved. Again these molecular spe-
cies are directly related to the need to produce genetic mate-
rial and proteins. Obviously the genome and the proteome
and their evolution can also be followed but they are not di-
rectly related to environmental chemicals though they are in-
teractive with them.

There is then a trinity of linked variables in the evolu-
tion of organisms, the genome, the proteome, and the envi-
ronmental elements. Given their advantages we shall
concentrate on the metal elements and their changes both in
the environment and in cells. Thus we need a name for the
profiles of the metal contents of cells. In each compartment
we shall refer to the free metallome, the profile of free metal
ion concentrations, [Mn+], and the total metallome, which
includes concentrations of free and bound metal species (1).
To see the connection between the origin and evolution of
the metallomes of cells to the environment and its changes
we give first a brief outline of the known or presumed initial
environment and its changes over time.
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The Environment during Evolution

Prior to the beginning of life, say 4 × 109 years ago, the
atmosphere was reducing as a result of the dominant univer-
sal abundance of hydrogen over oxygen. The most common
nonmetal elements were therefore present mostly as hydrides,
for example, oxygen (H2O), sulfur (H2S), and selenium
(H2Se), some carbon (CH4) though most of it was CO or
CO2, and perhaps some nitrogen (NH3). Of the other abun-
dant nonmetals, silicon and phosphorus were present as sili-
cate and phosphate in rocks and in solution while chlorine
was reduced to chloride (HCl), which dissolved easily in wa-
ter. The HCl was neutralized by reaction with basic metal
minerals and much Na, and some K, Mg, and Ca were liber-
ated into the sea. The amount of HCl seems to have been
limiting in these reactions, hence it was the abundance of Cl
relative to that of other elements that decided the nature of
the sea to this day. As a result of these neutralization reac-
tions the pH of the sea settled to a value close to 8 through
buffering by carbonate, phosphate, and the mixed oxides
present. The reduced atmospheric and neutral aqueous solu-
tion chemistry of the nonmetals did not greatly influence the
state of the most common metals, sodium, potassium, mag-
nesium, and calcium, which give simple ions in solution,

though much of Mg and Ca also formed somewhat insoluble
precipitates, such as carbonates. Formation of these carbon-
ates presumably limited the content of these two ions in the
sea. The initial presence of H2S (probably around 10�3 M)
caused a drastic limitation on the availability of other ele-
ments, especially of trace metals and increasingly in the tran-
sition metal series, owing to the formation of sparingly soluble
sulfides, so that the concentrations of divalent elements fell
dramatically from that of Mn2+ (Table 1). The availability of
free ions, calculated from the pH and their solubility prod-
ucts, fall close to the Irving–Williams order (1)

Mn2+ < Fe2+ < Co2+ < Ni2+ << Cu2+ (Cu+) > Zn2+

The quantity of Zn in the sea must have been very low and
that of Cu negligible while there would have been around
10�7 M Mn2+ and 10�7 M iron as Fe2+ (Table 1). Note, how-
ever, that it is difficult to know the availability of iron sul-
fide clusters that probably formed in the prevalent conditions
and are somewhat water soluble. There would also have been
very little molybdenum (largely precipitated as MoS2) but
more tungsten, which is not so easily reduced from the W(VI)
state to the insoluble WS2, and almost certainly more vana-
dium than molybdenum since it would have been present in
more soluble species (5).

Figure 1. A diagnostic illustration of the succession of oxidation–reduction potentials showing the changes of oxidation state of different
elements from an H2 to an O2 atmosphere. We consider that Earth’s surface environment changed consecutively in the direction of the
arrows over the period of 4 x 109 years. Nonmetals are on the left, metals on the right (1).
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The dramatic but slow changes following the oxidation
of the elements over the following 3 × 109 years as a result of
the increase in O2 in the atmosphere are shown in Table 1
and Figure 1 and have been detailed elsewhere (1, 2). Here
we note first that the major nonmetals became CO2 (C), H2O
(H), N2 (N),  SO4

2� (S), and SeO4
2� (Se), but there was little

change in Cl�, Si(OH)4, or HPO4
2�. As sulfide was oxidized

to sulfate in the sea, the availability of cobalt and nickel, but
much more strikingly and more recently that of zinc and of
copper, inevitably and slowly increased, as did that of mo-
lybdenum (MoO4

2�) and vanadium (VO4
3�). However, iron

availability declined rapidly as Fe2+ was oxidized to Fe3+ and
Fe(OH)3 was precipitated. While the slow changes were lim-
ited by the release of O2 from living organisms, in order to
gain access to hydrogen from H2O, the consequential envi-
ronmental inorganic changes are indirect and due to equili-
bration. The order of change in element availability therefore
followed these potentials (Figure 1). The changes in the en-
vironment in turn affected the organisms in a series of ways
dependent upon the timing of the oxidation of the elements.
We note immediately that the major evolution of biological
diversity and complexity, especially in the sequence,

prokaryotes

unicellular eukaryotes

multicellular eukaryotes

closely relates to the times of these geological changes (Fig-
ure 2). For those unfamiliar with organisms, bacteria are
prokaryotes (Figure 3), yeasts are unicellular eukaryotes, and
modern plants and animals are multicellular eukaryotic or-
ganisms (see Figure 7). (Man is a special animal because of
the way in which he uses his brain.) We shall show that these
biological developments depended on the changing availabil-
ity and use of the elements. Note that all eukaryotes need
oxidation to produce cholesterol for their membranes;
prokaryotes do not make this chemical, while multicellular
organisms require extracellular oxidation products for the syn-
thesis of their connective tissue, often associated with cop-
per enzymes. While the first change occurred at low oxygen
concentration, the second required much greater oxygen con-
centration.

The cellular uptake and use of elements requires energy
(6). The most primitive cells may only have been able to use
poor sources of chemical energy, note for example the inor-
ganic Fe–S systems discussed by Wachtershäuser (7), but there
was always the possibility of using sunlight. As this usage
evolved and gave rise to O2 in the atmosphere (Figure 2), we
see also a progression in the use of other energy sources, aris-
ing from oxidation of environmental chemicals, such as sul-
fate and nitrate, as well as O2 (Table 2). Against this
background of changes in element availability and energy
sources we can examine the development of cells from the
most primitive we suppose to have existed, judging their char-
acter from that of strictly anaerobic organisms alive today
(mostly archaea or related to bacteria), to higher animals and

plants. It is generally agreed that cellular life started from such
anaerobic prokaryotes, cells with one central compartment
and an outer membrane (Figure 3), to greater and greater
compartmental complexity (see Figure 7).

The Primitive Cell Cytoplasm

The fact that the basic and major synthetic organic
chemistry of all cells, the production of nucleotides, proteins,
fats, and polysaccharides is reductive and is a unique feature
of all organisms means that there had to be maintained re-
ductive organic reaction pathways in the cytoplasm not only
initially but to this day. These pathways are known to incor-
porate both phosphate and reduced sulfur into certain poly-
mers. They are shown in all biochemical textbooks (8, 9).
The inorganic content of the cytoplasm, in which these fixed
pathways are found, had to be fixed since the pathways re-
quired organic reactions that needed (and still need) con-
trolled ionic strengths, structural elements, and inorganic
acid–base and redox catalysts. These needs are made up from
the concentrations of metal elements that we describe by the
term the cytoplasmic metallome, free and combined. Let us
examine the total requirement of genome, proteome, and in-
organic metal element content, especially the metallome,
treating the three as an essential trinity of the flow system
for all organisms. (Note we deliberately neglected the other
part of the element requirement, that of the nonmetals asso-
ciated with the metabolome, for the reasons given earlier.)

A first need of the primitive cell, which accumulated
mainly organic anionic molecules (note that most biological

Figure 2. Evolution of the biosphere and the atmosphere: a sum-
mary of the biological and geological evidence that suggests how
oxygen levels in the atmosphere may have progressed towards their
present-day values and how cell organization evolved concomitantly.
The availability of chemical elements changed as in Figure 1. Present
atmosphere level of oxygen is 21%. (Based on Cloud, P. Scientific
American 1983, 249 (3), 132)
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molecules, for example, DNA, RNA, ATP, lipids, many pro-
teins, and small molecules of the metabolome are negatively
charged at pH 7) must have been both a controlled total os-
motic concentration and an electric charge balance. If the
high sodium chloride content of the sea, the major osmotic
salt, had been allowed into a cell, the excess osmotic pres-
sure would have caused the cell to burst. It is observed that
there is an enforced, energy-requiring, rejection of Na+ and
Cl� from the cytoplasm of all cells as a means of lowering the
total osmotic pressure to a value close to that of the sea. In
order to balance the negative electric charge, which would
have caused the cell to break as a result of electrostatic repul-
sion, the potassium ion was allowed into the cell at concen-
trations higher than that in the sea. Again Ca2+ had to be
rejected since the levels in the sea, > 10�3 M, would have
caused precipitation of many of the organic anions required
in the cell. The same problem did not arise with smaller di-
valent cations, such as Mg2+ and Fe2+, which do not form
such insoluble salts with organic anions. Probably the some-
what larger Mn2+ cation was also largely rejected from cells.
The necessary separation of some common elements, Na+,
Ca2+, Cl�, away from the cytoplasm and the acceptance of
others, K+, Mg2+, and HPO4

2�, to maintain a fixed ionic me-
dium for the organic reaction system is observed to this day
in all organisms all the way up to mankind. The requirements
are fully described in textbooks of physiology (10). These
physical–chemical demands are independent of a code (DNA
or RNA) or of its particular products, much though they
needed to be connected to them in a reproductive form of
life. The metal element requirements are obviously related
to element availability and equilibria in the environment (1).

The need to carry out difficult organic reactions at am-
bient temperature in water meant that cells also required pow-
erful catalysts. Now, organic chemicals were and are not
sufficiently reactive to activate the environmental small mol-
ecules for organic syntheses, such as CO2, CO, H2, and N2,
or to manage many further synthetic steps of their reaction
pathways, either oxido–reductive or hydrolytic (Table 3).
Moreover only certain metal ions were both available and not
poisonous to the reactions. They include Mg2+ and the some-
what less available transition metal ions, originally mainly iron
(and perhaps some vanadium, tungsten, and manganese; see
Table 1), which could have been the original set of metal cata-
lysts. To bring about the required catalyses the very different
availability and functional value of the two major ions, Mg2+

and Fe2+, meant that they could be employed differently.
Anionic centers based on O-donors such as phosphate or car-
boxylate that often need to be activated in condensation and
hydrolytic reactions, bind M2+ metals weakly and only Mg2+,
not Fe2+, was present in sufficient quantity to bind to them
under the cytoplasmic conditions (Table 1 and Figure 4). Fe2+

could bind strongly to N- or RS�-donors in organic molecules
or on surfaces that could be used in redox metabolism or in
energy capture, but Mg2+ could not. It is not surprising, there-
fore, to find that in any primitive prokaryote chemical sys-
tem of reactions, weak solutions of Fe2+, bound selectively,
dominated catalysis of reductive redox steps in reactions and
in energy capture based on strong binding to organic amines,
sulfides, and thiols (1). Meanwhile magnesium at much
higher concentration, and also bound selectively, dominated
the less demanding catalysis of acid–base reactions of con-
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Figure 3. An outline of a prokaryote cell with a single outer mem-
brane. Note the roles of nonmetals and metals and of energy. P˜P
is energized phosphate as in ATP. Note that light and oxygen as
sources of energy arose in sequence.

http://www.jce.divched.org/
http://www.jce.divched.org/Journal/Issues/2004/
http://www.jce.divched.org/Journal/


Research: Science and Education

742 Journal of Chemical Education • Vol. 81 No. 5 May 2004 • www.JCE.DivCHED.org

densation and hydrolysis, based on weaker O-donor coordi-
nation. We observe that magnesium is linked especially to
phosphate in energy transfer (ATP, ADP) and metabolism,
and in the stabilization of RNA and DNA (1). Assuming this
chemical system of catalyses is trapped in the interior of the
primitive cell, its cytoplasmic free element composition, the
free metallome, probably had a not too distant relationship
to the content of its environment governed respectively by a
reductive atmosphere and the ocean (Table 1 and Figure 4).
We stress that zinc, nickel, cobalt, and molybdenum were
only of minor use to these very primitive cells owing to their
low availability from their sulfides. The dominant metal ele-
ments as free ions, that is other than in organic compounds,
were therefore Na+, K+, (Cl�), Ca2+, Mg2+, and Fe2+, which
remain at the same free ion concentrations as cytoplasmic
constituents of virtually all cells to this day. Undoubtedly
other elements such as Mn, W, and V also played minor par-
ticular roles. It is in large part these fixed concentrations in
all cellular systems that allow us to assert that it is a trinity of
components that define life’s chemistry, that is, these elements
in primitive cells, the genome, and the proteome. The whole
system of organisms must clearly include the chemical envi-
ronment as well as a source of energy as limiting factors.

To appreciate in detail these (and later) separations
among the elements, Na+, K+, Mg2+, Ca2+, Fe2+, Mn2+, Co2+,
Ni2+, Cu2+, and Zn2+, we must look at a larger set of “effec-
tive” binding constants to the possible available donor atoms
in organic molecules, especially of proteins in the cytoplasm
and of potential anions of the geosphere both in reducing
solutions. The possible ligands present allowed not only O-
donors (mainly �CO2

�  and �PO4
2�) but also N-donors

(�NH2 and imidazole) and S-donors (S2� and RS�) to make
coordination complexes or precipitates. In Figure 5 we plot
their absolute stability constants. (The effective, or condi-
tional binding constants are the values of binding calculated

from these values under the conditions of pH and ionic
strength in the cytoplasm. Thus H+ competes with the metal
ions for the ligands and reduces binding by hydroxide at pH
= 7, for example, by up to 7 log K units). We can use these
equilibrium data for the quantitative description of the bind-
ings of many of the ions in cells since the ions are invariably
in relatively fast exchange.

The descriptions, given in Table 1 and Figure 4, of the
free ion concentrations in the environment and in the cyto-
plasm are related, therefore, to our knowledge of equilibria
both in the aqueous sea (sulfide, S; carbonate, O; and hy-
droxide, OH solubility products) and on complex ion bind-
ing constants to a somewhat parallel set of organic binding
centers, S and O donors, supplemented in cells by interme-
diate binding by N-donors, in the cytoplasm. It is the greater
discriminating ability of sulfide in precipitation as opposed
to that of thiolate or amine in coordination complex chem-
istry with organic molecules, that largely removed ions such
as Co2+, Ni2+, Cu2+, Zn2+, and Mo4+ from the early sea and
limited the possibility of their uptake by the most primitive
cells. As stated, the higher concentration of Mg2+ and Fe2+

allowed these ions to dominate the initial anaerobic cytoplas-
mic chemistry of cells. Meanwhile, the anionic O-donor cen-
ters of the external surfaces of cells were bound by the high
concentrations of Mg2+, Ca2+, and probably some Mn2+ in
the sea (apparently Mn2+ was largely rejected by cells). Fi-
nally, free tungsten and vanadium, more prevalent than mo-
lybdenum in the sea in these primordial times when Mo was
removed as MoS2, also became valuable trace catalysts in cells,
(Table 3; refs 5, 11, 12).

[Note that it is the physical–chemical forces that devel-
oped from the Big Bang and the giant stars to give the pecu-
liar universal abundances of the elements and subsequently
the limitations of the availability of elements in water on
Earth and the inevitable selective binding of organic donors

Figure 5. The variation of stability constants, K, for the complexes
of M2+ ions of the Irving–Williams series. Examples of ligands are:
O/O, oxalate; N/O, amino acids; N/N, ethylenediamine; and
N/S, cysteine. The binding constants for ATP4� are close to 104

M�1 for all the metal ions. In a cell at pH = 7 the effective constants
must be used but they fall in the same orders.

Figure 4. A plot of the logarithm of the free metal ion concentra-
tion in the cytoplasm probably for all cells. The downward arrows
indicate that the value may have been somewhat overestimated.
There is considerable uncertainty about the smallest values (1).
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to metal ions that are the decisive factors at the beginnings
of life. It is these conditions that had to become codified in
DNA, necessary for reproduction, and hence long-term sur-
vival. The variables, availability and binding strengths, are
not biologically controllable. Hence the use of simple physi-
cal–chemical data in Figure 5 are justifiable in the discus-
sion of early life. (This approach is however quite unrealistic
for nonmetal elements). It may be useful to refer to simple
class experiments to demonstrate the nature of availability,
solubility, and complex formation. The tables of qualitative
analysis (13), unfortunately discarded today, are a wonderful
teaching aid for the chemistry of cells and the environment.
For example those who are familiar with these analytical pro-
cedures for the separation of one metal element from all oth-
ers know that, so as to increase selective reaction of a given
reagent against competition by other metal ions, it is prefer-
able to limit the concentration of the reagent through con-
trolled addition or to use masking agents for the removal of
competing ions.]

In cells there must be control over the ligand, here pro-
tein, concentration to manage selectively metal ion concen-
trations as in analytical chemistry. The cell control is exerted
by feedback to the DNA expression system such that the free
level of each metal ion is relayed to the production of its bind-
ing proteins via transcription factors. These factors are already
well recognized in primitive anaerobic cells especially for
dominant Fe2+ and Mg2+ either acting directly at DNA, for
example, formate nitrate reductase (FNR) for Fe2+ (and note
that this protein has an Fe–S cluster), or via controlled phos-
phorylation of transcription factors, via Mg2+ activation of
kinases (and note that Mg2+ is bound by O-donors). We ob-
serve that such transcriptional control of the appropriate pro-
teins is also related to binding constants of about 103 M�1

for Mg2+ and 107 M�1 for Fe2+ matching the free cell levels
(Figure 4). A similar series of feedbacks acting on uptake and
rejection pumps restrains element entry into and exit from
cells. Note how the feedback connects the genome, the
proteome and the metallome at fixed free ion and protein
ligand concentrations but that it is also connected to the en-
vironment. There are parallel controls over “equilibrated” con-
centrations of free Na+, K+, Cl�, and Ca2+, as well as over
nonmetal substrate and coenzyme concentrations, the
metabolome (8, 9). These feedback–feedforward reaction sys-
tems provided the most primitive messengers of organisms
and maintain homeostasis. We note again the quantitative
integration of a trinity of code: code product, proteins, and
the environment content of elements in a system (1, 14, 15).
The most revealing facts are that the concentrations of the free
metal ions in the cytoplasm are closely fixed for all cells and
that mostly these concentrations are quite closely restricted
by the free element content of the early sea (Table 1 and Fig-
ure 4).

It is important to observe that in systems such as these,
in which a metal ion exchanges rapidly and hence equilib-
rium is approached, the functions of all of its proteins de-
pend on the property that all the different metal complexes
of one metal ion have approximately the same binding con-
stant. Examples given so far in the cytoplasm of all cells are
the binding constants for: Na+, 102 M�1; K+, 101 M�1; Mg2+,
103 M�1; Fe2+, 107 M�1; and Ca2+, 107 M�1 (1). There are
closely fixed values for Cl� and HPO4

2�, too. Of necessity, to

maintain a fixed metabolic organic reaction system, these
equilibrium constants of the cytoplasm became effectively in-
variants of the cytoplasm for all time, and once again we stress
that the values are dependent upon chemical necessity that
had to become connected to the code, DNA.

Increasing the Variety of Coordination Complexes
in Cells: Kinetic Traps

In the presence of sulfide some uptake of Co, Ni, and
Zn, but not Cu, into early anaerobic organisms was possible
owing to their coordination in N- and S-donor complexes
(Figures 4 and 5), but it is difficult to see how much uptake
or selectivity could have been achieved in such simple com-
plexes. Later greater use of these elements arose from the sepa-
ration of their functions in kinetic traps using ring chelates
all derived from uroporphyrin (Figure 6), namely, iron in por-
phyrins, magnesium in chlorophylls, cobalt in vitamin B12,
and nickel in F-430. Trapping elements in this selective way
avoids exchange and competition between them for organic
centers and with free Mg2+, Fe2+, and Zn2+. Not only did
this allow use of a number of metal compounds behaving
differently from the corresponding free ions, generating new
concentration variables, but it gave rise to new functions such
as photosynthesis and new sources of energy including the
later use of free oxygen (Table 2). Further examples of this
protected kinetic trapping are found in the uptake of mo-
lybdenum and tungsten into the pterin thiolene coen-
zymes and of molybdenum or vanadium in the nitrogenase
FeMoco coenzyme. As stated in all probability Fe and V were
used in nitrogenase before Mo, which was less available in
the early sulfide rich environment (5, 11, 12).

While the free element concentration of the kinetically
trapped elements in ring chelates is not directly linked to their
complexes, that is, in complex chelates derived from uropor-
phyrin or from pterin-dithiolenes, the concentration of the
chelates must be fixed in homeostasis. Hence we find, for
example, that free heme and chlorophyll production is con-
trolled to match the synthesis of their respective binding pro-
teins. The kinetic connection of these controls to those of
the free elements is only known in outline as yet, but is es-
sential knowledge since synthesis of all the chelating agents
is linked back to the free elements at the gene level.

Turning to the external side of the cell membrane the
fact that Mn2+ was readily absorbed onto the outer surfaces
of cells, which could capture light and that the energy of light
is sufficient to disproportionate water via MnO2+ formation,
may well have led to the possibility of the creation of O2 from
H2O. At the same time the reaction gave a more abundant
source of hydrogen for reduction in the cell than the use of
H2S. The incorporation of the activity into the whole of the
cell and then subsequent modification of the system eventu-
ally through a code are further steps. This development of
Mn chemistry, unlike that derived from uroporphyrin in ki-
netically separated chemistry in the cytoplasm (Figure 6), is
an example of the use of separation as a result of spatial divi-
sion by a membrane. It is the development of spatial separa-
tions of further new chemistry that drove evolution, but it is
necessary to see that it could only occur with changes in the
environment, all dependent ultimately on the coming of O2
(16).
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We can now proceed to the evolution of compartmen-
talized cells (Figure 7), noting that only in compartments are
large changes allowed in more oxidative chemistry (includ-
ing that of novel metallomes) since the central cytoplasmic
activity is fixed of necessity by the requirement for a unique
reductive production of nucleotides, proteins, lipids, and sac-
charides in all cells of all species. The development of com-
partments is central to an understanding of evolution but it
is driven by chemical pressures and advantages provided by
the environment.

O2 and Evolution: Compartments and Oxidation

Oxygen in the atmosphere produced, consecutively, a
range of novel chemicals (Figure 1). The only possible devel-
opment of prokaryote cells in which the new oxidized chemi-
cals of the environment could be used, was the creation of a
concentric membrane compartment, the periplasm. An al-
ternative development was the creation of many internal com-
partments but this necessitated a change in membrane
chemistry and in the size of the cell (Figure 7). The earliest
changes towards eukaryotes are known to have involved the
incorporation in membranes of cholesterol, a relatively eas-
ily obtained product of oxidation of squalene derivatives. This
change and that of other oxidized lipids, together with the
development of internal filaments, permitted the cell to have
a large flexible membrane structure unsupported by walls and
subsequently to incorporate or create new compartments,
called vesicles or organelles (List 1 and Figure 7). The earli-
est redox changes of elements (Figure 1) were C to CO2, N
to N2, S to SO4

2� and Mo to MoO4
2�. They provided a new

supply of stored energy, SO4
2� versus S2�, as well as from O2.

Most of these changes occur in the periplasm of prokaryotes

or in compartments isolated from the cytoplasm in eukary-
otes, for example, glycosylation of proteins and sulfation of
saccharides.

There were also deleterious changes, for example, with
increasing O2 the free environmental iron fell to 10�17 Fe3+,
which meant that cells had to devise means of scavenging
for essential iron, which they did and do today in amazing
ways (17). The modes of uptake and retention in different
species is varied but all have the common result of generat-
ing < 10�7 M concentration of Fe2+ in the cytoplasm, which
is the level in anaerobic prokaryotes. Here is a remarkable
example of the importance of the fixed cytoplasmic free
metallome, which in our opinion is of equal consequence to
the use of DNA in the genome. All other free metal ions
(Co2+, Ni2+, Cu2+, and Zn2+) were kept below ∼10�10 M in
the cytoplasm to protect Fe2+ and Mg2+ (we shall see later
how this is managed) but vesicles could contain high free Zn2+

for example. The essential point is that all the development
of eukaryotic cells was dependent on the changed environ-
ment, which was inevitable.

Further Development of the Eukaryote Cell:
Messengers

We need to see that the development of a compart-
mented cell, while it provided space for reactions not readily
acceptable in the cytoplasm, needed a message system coor-
dinating the new activities with the coded cytoplasmic syn-
thesis. Many of the vesicles with which we are concerned were
effectively inside-out enclosures derived from the outer mem-
brane by invagination. As a consequence, since their pumps
acted to remove ions from the cytoplasm, the vesicles took
up from this primary compartment those ions previously re-

Figure 6. The origin of all the four ring chelates is urogen III or uroporphyrin. Note zinc is required in the synthesis of this ring.
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jected by prokaryotes, for example, H+, Ca2+, Na+, Cl�, and
Mn2+, but rejected Mg2+ and K+. Looked at from an osmotic
electrolyte point of view the outside of the cell and the vesicles
contained large stores of ionic, potentially current-carrying,
ions relative to the cytoplasm. It was this capacity for gener-
ating ionic current carriers inside cells that was brought into
use in signaling in the eukaryotes (10) so as to provide infor-
mation about the compartments and even the environment
to the cytoplasm and the DNA. Especially Ca2+, through its
unique binding chemistry (19) and strong rejection from the
cytoplasm, became used for this signaling in single cell eu-
karyotes. It could only be used in short-lived pulses from
outside or vesicles to the cytoplasm since Ca2+ is poisonous
there (19). Cells, therefore, developed fast cytoplasmic and
vesicular receptors for the Ca2+ pulse generated by outside
or internal events and fast rejection of Ca2+ back to the
vesicles and the external solutions. These receptors in the cy-
toplasm initiated responses to Ca2+ pulses especially in the
primitive ATP–Mg2+ units (kinases) controlling mechanical
and chemical activity down to the level of extra energy pro-
duction for action. Immediately it will be seen that a fixed
calcium concentration relationship between vesicles (10�3 M)
and cytoplasm (10�7 M) could also be used to form shaped
shells from CaCO3, as seen in coccoliths. Other vesicles could
store poisons or enzymes for digestion to be released exter-
nally on receipt of an appropriate Ca2+ signal. When mito-
chondria and chloroplasts (prokaryote derived organelles or
vesicles) were incorporated in eukaryote cells (18) they too
responded to Ca2+ messages that coordinated energy produc-
tion to cytoplasmic demand. Thus the whole eukaryote cell
became crisscrossed by a network of Ca2+ ion communica-
tion (Figure 8). This network is based on fixed values of the
binding constant, 106 M�1, for all the protein complexes
formed when Ca2+ invades the cell. The new proteins in-
volved, calmodulins, annexins, S-100, and C-domains, are
only found in eukaryotes. Note they use O-donor centers of
large cavity size to avoid binding by any transition metal ion
or even the small Mg2+ ion (19).

lleCetoyrakuEcisaBehtfoserutaeFlevoN.1tsiL
.1 ybdecudorploretselohcfonoisulcnioteudsenarbmemweN

noitadixo
.2 stidnaedocANDehtrof,noitadixomorfdetcetorp,enozA

suelcunaninoitamrofsnart
.3 :rofstnemtrapmocdetalosifonoitaroprocnironoitcudorP

)a( stsalporolhcninoitcudorpnegyxO
)b( airdnohctimnisetartsbuscinagrollamsfonoitadixO
)c( selcisevemozixorepniyrtsimehcedixoreP
)d( selcisevniderotssnosiopfotropxE
)e( egassemrofselcisevnisnoimuiclacfotnemniateR

noissimsnat
)f( noitsegidrofselcisevroseloucavnisisylordyhcidicA
)g( selcisevigloGninoitaflusdnanoitalysocylG

.4 stinuegralroselcisevfosisotycodnednasisotycoxE

.5 msalpotycehtnicnizfoesudesaercnI

.6 noitcuderronoitadixonislatemlarevesfosesulevoN
snoitcaer

N ETO : 7erugiFeeS .)81(

Figure 7. An outline plot of a eukaryote cell showing many com-
partments including vesicles and organelles (mitochondria and chlo-
roplasts) top left. Note the roles of metal ions.

Figure 8. A schematic of the complicated network of Ca2+ interac-
tions in an animal: H, hormone; P, pump; ER, endoplasmic reticu-
lum; N, nucleus; M, mitochondria; F, filament; V, vesicle. The cal-
cium ion has carriers (chaperones) and buffers in the cell, apart
from triggering proteins of many varieties (19).
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Another major communication network appeared in eu-
karyotes based on zinc ions. Zinc became available as oxygen
oxidized its sulfide. (Note that Ni and Co were also released
but they were separately held either in ring chelates or kept
out of cells.) Some of the new zinc proteins—zinc fingers,
which exchanged zinc—bound to DNA and coordinated
novel activities linked to new oxidized organic messengers,
such as sterols, related to cholesterol. Note that zinc in low
concentration is not harmful to the cytoplasm since it has
no redox chemistry.

The development of these and all other units of organi-
zation has to be clearly seen, therefore, as involving three in-
evitably interwoven steps: the development of (i) physical
compartments, (ii) filamentous internal structures, and (iii)
new messenger systems.

[It might be though that mitochondria and chloroplasts,
which use or generate O2, are examples of high redox poten-
tial chemistry in organelles that are derived from prokaryote
cells (18). In fact the cytoplasm of these organelles has a re-
ductive chemistry, obvious in the case of chloroplasts, while
production of O2 or its utilization occurs on the outside of
the cytoplasmic membranes, that is on the periplasmic side].

Protection of eukaryotes and indeed of aerobic prokary-
otes was also required from O2 in the cytoplasm, especially
after its partial reduction to O2

� and H2O2 or other perox-
ides. This was provided in part in prokaryotes by the use of
iron and manganese superoxide dismutases and heme cata-
lase, and in part by the newly possible redox chemistry of
selenium. Note that the earliest known protection in sulfate
bacteria also uses a ferredoxin–NADH reductase but the last
superoxide dismutases to be developed use Zn and Cu but
only in eukaryotes.

Increasing Dioxygen in the Environment

As the concentrations of O2 rose further, zinc increas-
ingly and finally copper were released from their sulfides. At
the same time higher redox potential chemistry, such as that
of H2O2 and NO, arose. It is not until this last stage that
plant and animal multicellular organisms appeared about one
to two billion years ago (Figure 2 and List 2). The reason
lies in the requirement of multicellular systems for external fila-
mentous lattices of relative fixed structure, which can only be
obtained by external oxidative crosslinking, and for a further
novel system of external messengers now linking cells together
in organs. The requirement is based on higher redox chem-

istry. The external crosslinking chemistry was first managed
in plants using H2O2 generated by heme plus external rejected
Mn enzymes, peroxidases, and ligninases to give lignins, which
stabilize dead rigid external saccharide structures as seen in
wood. While a plant grows using this free-radical oxidizing
system, this is not possible for animals. Animal growth re-
quires safe chemistry for crosslinking to establish living, ad-
justable multicellular structures to which unsafe, free radical,
chemistry could cause disease, such as cancer. It is observed
that in animals it is copper enzymes that are used in external
oxidases. These oxidases avoid H2O2 production. To allow
growth there are also external zinc enzymes to breakdown
these external structures (collagenases, elastases, etc.) alternat-
ing with their construction. It was only through the use of
zinc and copper that the development of animals became pos-
sible. (Note the limitation on the external use of iron owing
to its precipitation as ferric hydroxide).

Simultaneously with these developments there was re-
quired signaling between cells or groups of cells, organs, to
control responses and growth. Here the new messengers, hor-
mones and transmitters, are often synthesized by oxidative
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mechanisms. Again we observe the overwhelming importance
in this high redox potential chemistry of iron (heme) and cop-
per in oxidative enzymes in the production, reception, and
destruction of a variety of oxidized organic messenger mol-
ecules (Table 4). Note that all the available inorganic ions that
can bind to organic molecules and therefore act as messen-
gers, Ca, Mg, and Fe, had already been employed, as had small
reduced organic molecules, as messengers in the cytoplasmic
homeostasis. Running in parallel with the appearance of the
new messengers are the development of zinc proteins for the
hydrolytic production and destruction of additional peptide
hormones. In series with the oxidatively produced hormones
(sterols, retinoic acid, thyroid hormones) we again find fur-
ther use of zinc proteins, the so-called zinc fingers, as tran-
scription factors. It was especially this new combination of
uses of now available zinc, outside and inside cells, and copper
together with the novel uses of heme and manganese enzymes,
outside cells, plus the new organic messengers between cells,
made by oxidative reactions, that allowed the explosive de-
velopments of living species about one billion years ago. We
elaborate on these features in our books (1, 14, 15). (Note
that oxidative organic nonmetal chemistry also developed dur-
ing this period. For example selenium and iodine, especially
in vesicles and outside the cytoplasm, were used to produce
and modify thyroxines, and molybdenum was used in the oxi-
dative production of, for example, the plant growth hormone,
absissic acid, by an aldehyde oxidase.)

Throughout this development of the total metallome,
the free cytoplasmic metallome hardly changed: free Cu and
Zn in the cytoplasm remained well below 10�11 M. Simulta-
neously, the use of nickel and cobalt, largely of value in re-
ductive reactions at low potential, fell. Nickel is used mainly

in one enzyme, urease in higher organisms, while cobalt is
found only in vitamin B12 and even this vitamin is absent in
higher plants. The introduction of molybdenum is kept to
below 10�6 M MoO4

2� in cells (5, 11).
We see that organization, in a chemical system, has to

be based upon the simultaneous development of compart-
ments, even in organs, and new chemistry to provide new
functions, together with connecting filaments and new mes-
sengers. In effect this general trend of evolution with increas-
ing oxidation of the environment is inevitable though of
unknowable timing. A major consideration in evolution is
then the way in which the uptake and utilization of elements
from a changing environment can enable development (15;
Table 5).

As complexity in an organism increases, it becomes more
efficient not to be competitive but to trade between func-
tional diversity in different organisms, effectively an increased
use of compartments. In symbiosis the different organisms
exchange materials. Thus we see mutually dependent ecosys-
tems of organisms. A particular case is that of the appear-
ance of mobile animals dependent on foraging plants for
essential chemicals. The gain in the foraging capacity with
sensing equipment is matched by the loss of the ability to
take in elements, to absorb energy from light, and to synthe-
size essential coenzymes, amino acids, fats, and other com-
pounds. A further case is the need of plants for bacteria (N2
fixation) and fungal hyphae to collect minerals. (The paral-
lel with the development of man’s industry where mutually
dependent units make the whole system efficient as, say, in
the manufacture of automobiles is clear. As in this example,
central control of organization remains however an overrid-
ing objective).
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Simultaneously with development of these devices for
making viable multicellular systems arose the need for fur-
ther protection. Once again we see how one large part of pro-
tection in eukaryotes is controlled by heme, copper and zinc
proteins as catalysts utilizing the chemistry of oxygen, nitric
oxide, and halides. To remove the basic dangerous products
of O2 reduction there are the catalases (heme) in vesicles and
superoxide reductase dismutases (but they are now Cu, Zn
proteins in the cytoplasm of eukaryotes). These agents, O2

�

and H2O2, were also turned into aggressive chemicals for the
destruction of other invading organisms, but only with un-
avoidable risk. Plants use H2O2 extensively with many exter-
nal heme peroxidases, while myeloperoxidase in vesicles is a
major animal protective agent of the immune system for the
generation from halides of halogenated agents, for example,
ClO�, for cellular (bacterial) destruction. (Oxidative chemis-
try of halides was a late development since it required high
redox potentials.) Of course, plants use peroxidases to ward
off invaders by the simple device of closing off damaged zones
by modifying dead connective tissue as in browning and
crown-gall production, but this permanent retention of pro-
tective tissue, as is seen also in the bark of trees, cannot be
risked by animals that have circulating cells. Thus animals
developed circulating cells for protection of space external
to organs. We must also stress again how the evolution of
the chemistry of the elements in organisms is following that
of the oxidation of the environment, but it is now the bound
metallome especially in vesicles and specialized cells that
evolved with a communication system now based on flow
within extracellular space.

In the case of animals a further system of messages, a
nerve system, was required to coordinate sensing and mus-
cular activity to aid scavenging. This final step in evolution
(of biological inorganic chemistry) is to be seen in the vastly
increased functional value of sodium, potassium, and chlo-
ride in the nerves of animals. Here use is made of their ionic
gradients, produced initially in the management of osmotic
and electrical balance in the most primitive cells (see above),
to function in fast electrolytic messages—the conduction of
current along nerve cells. Only Na+, K+, and Cl� are suffi-
ciently abundant and free as ions to generate this conductiv-
ity. For this activity a special Na,K ATPase was synthesized.
The initial electrolytic stimulation connects to slower Ca2+

messages and is usually followed by even slower organic mes-
senger release as a result of a pulsed calcium invasion at cell
termini. The nervous system construction of growing cylin-
drical cells within connective tissue was not possible, of
course, until this tissue was laid down with the help of zinc
and copper enzymes. In order to coordinate the nerves of the
motility organs, muscles, and the sensing organs, the nervous
system evolved an organizing center, the brain. It is the brain
that allows collective organized activity inside one form of
life and also in organization into societies of individuals. Fi-
nally, the brain was placed in a special extracellular (cere-
brospinal) fluid. Again special chemistry arises together with
special compartmentalization to produce new emergent prop-
erties. It is the further advance of this fast system of commu-
nication in the brain linked to the organic messengers in
multicellular species that led to man and his dominance.

Mankind

The last possible development in this system of increas-
ing use of the chemical elements and of compartments is that
of man’s chemical industry. This is the ultimate illustration
of the independence of the inorganic environmental variable
from that of the two variables of the organic chemistry of
cells, the genome, and the proteome. Man uses all the chemi-
cal elements, not just the twenty under biological control,
and all of space in compartments. The compartments are or-
ganized by connected transport and message systems as in
all organisms. We have no space to go into details but it is
an exercise for students to see first how nonbiological orga-
nization parallels that internal to organisms and then to con-
sider how mankind’s activities can be managed so as to
preserve the biological ecological system that has evolved.

Conclusion

The purpose of this somewhat simplified article (see our
books, refs 1, 14, 15, for a more extensive discussion) is to
show that the evolution of cellular structures and their
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chemical functions, as well as of molecular units associated
with them, was dependent on and linked to environmental
oxidative changes of the elements generated in part by liv-
ing organisms in an inevitable feedback succession, within an
ecosystem (20). The reductive chemistry of the cytoplasm and
its rejection of some elements in primitive life was comple-
mented by oxidative chemistry and the created gradients
around the cells in added-on compartments and procedures
in them and then in multicellular organisms. Thus the
changes with time in living organisms marched in step with
the inevitable earlier changes of external availability of ele-
ments and element oxidation states. The changes in energy
capture also matched these environment changes. The effi-
ciency of this capture was of necessity connected to the
whole of an ecosystem of organisms to reduce local com-
plexity. Exactly how the program machinery, the DNA of
individual species, adapts to the environment is not dis-
cussed here. In effect we have left aside the whole problem
of the need to develop genetic structures while we looked
at the overall ecological states. Coexisting species may be
seen as a selection of possibilities opportunely using roughly
equally an environment at a given time. We cannot see a
logic to the evolution of particular species, for example,
cows, sheep, deer, and goats. The evolution of kingdoms is
logical.

The realization that we are dealing with an overall
system, internal and external to life, must lead to increased
environmental awareness by mankind so that further evolu-
tion, whatever that may be, can be managed by rational con-
sideration. The environment in an ecosystem includes the
essential inorganic elements and the mutually interacting or-
ganisms, but inevitably man’s products from new external
organization (e.g., productive industrial activity) will become
chemically coupled to evolving life. Interestingly, all the
changes we have discussed follow the pattern of new element
use

rejection
development of an

antagonistic environment

new organization adapted use protection

Here adapted use includes active metabolism, new energy and
message activity, and new structure building, including com-
partments. The future will follow this pattern too.

Finally note again that evolution is described here in co-
operative dynamic systems, not single molecular language as-
sociated with species (List 3). Thus we see evolution as
changes in emergent systems, organisms plus the environ-
ment, not just in molecular mutational terms, since controls
and resources must be added too. There is no easy correlation
between one-by-one analysis of changes of molecular prop-
erties, no matter which molecules are chosen (DNA, RNA,
or proteins), and changes of a system activity, which is part
of an overall emergent developing property we call life.

Addendum

Since this paper was submitted a very interesting
parallel account of chemical systems in organisms has ap-

peared in Sterner, R. W.; Elser, J. J. Ecological Stoichiometry:
The Biology of Elements from Molecules to the Biosphere;
Princeton University Press: Princeton, 2002. See also New
Scientist 2003, January 18, 12–13 for comments on the ideas
expressed ref 20 and references therein.
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