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The realms of Archaean life

Euan Nisbet

There is evidence of a variety of early organisms from the Archaean — some
4,000 to 2,500 million years ago. Now life at deep-sea hot springs can
provisionally be added to the list.

wrote Rachel Carson'. So it is with

the early record of life. In the
past few years, plenty of clues have emerged,
both from geological studies and inferences
drawn from the molecular biology of mod-
ern organisms. Often the veil of shadows has
lifted a little, only to show more darkness
behind. Yet, bit by bit, speculation as to the
nature and ecology of early life is being based
ona firmer footing.

Rasmussen (page 676 of this issue’) is the
latest to tweak the veil — he reports evidence
of early microbial life in deep-sea volcanic
rocks that are some 3,200 million years old.
The evidence is thread-like filaments, twin-
ing and twisting in different directions, that
may be fossils of microorganisms. The fila-
ments occur in a volcanogenic massive sul-
phide. This is a type of metal deposit that is
usually formed on the sea floor, at depths far
below the light-penetration zone, and at
temperatures near or above the limits toler-
ated by life.

Rasmussen interprets the filaments as
the remains of subsurface prokaryotes,
microbes such as bacteria that inhabited
environments beneath the sea floor. The
implication is that the organisms were
chemotrophic hyperthermophiles — that s,
non-photosynthetic organisms, which used
inorganic matter in their environment as
an energy source, and which lived at or
near 100 °C. Prokaryotes spread readily: if
Rasmussen’s interpretation is correct, they
would have been widespread in the deep-
water volcanic systems of the time, living
in and around hydrothermal systems (sub-
marine hot springs).

The ecological map of the Archaean aeon,
the time from around 4,000 million to 2,500
million years ago, is gradually becoming
less vague. There is widespread evidence for
photosynthetic life (both anoxygenic and
oxygenic) before 3,000 million years ago, and
possibly from as early as 3,500 to 3,700 mil-
lion years ago’. There is now molecular fossil
evidence for the existence of cyanobacteria
2,700 million years ago®’. Similarly, data on
ancient carbon and sulphur isotopes®” sup-
port the deduction that methane-generating
organisms — methanogens — recycled dead
organic matter in sediment; and also that a
diverse, hydrothermal-associated, microbial
community of chemotrophs existed in waters
of shallow and medium depths. There has
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Figure 1 A map of Archaean ecology — places where early life may have flourished’. Among such

settings are mid-ocean ridges (chemotrophic communities, including hyperthermophiles);
hydrothermal systems around so-called komatiite shields and andesitic island-arc volcanoes (mixed
chemotrophism and photosynthesis); shallow waters (oxygenic and anoxygenic photosynthesis); the
open ocean (photosynthetic plankton); and muds in the sea floor (methanogens and exploitation of
the sulphur cycle). New findings’ also point to deep-water hydrothermal systems as habitats for life.

In each habitat depicted here, the red arrows show fluid movement. The atmosphere at this time
would have been rich in CO, and N,, with minor amounts of NO,, SO, and CH,.

been speculation that non-photosynthetic
Archaean organisms lived in or around
hydrothermal systems in deeper waters. But
until the findings of Rasmussen® that view
rested mainly on inference and on the sur-
mise that certain deposits, interpreted as
being biological in origin, formed below the
base of wave action.

Physical models of the late Archaean
Earth point to a variety of habitats for life
(Fig. 1). In shallow coastal waters, there were
microbial-mat communities, built by
cyanobacteria, which carried out oxygenic
photosynthesis. In muds and lower parts of
the microbial mats, anoxygenic photosyn-
thesizers and methanogens were probably
present. Photosynthetic plankton were prob-
ablyabundant in the ocean surface waters.

Rubisco is the enzyme responsible for
carbon dioxide fixation in photosynthesis —
isotopic evidence® implies that rubisco-
based bacteria directly handled about a fifth
of the carbon flux emitted from the Earth’s
interior, as today, and by doing so managed
the global carbon cycle. For life to be produc-
tive enough to manage carbon, itislikely that
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modern-style sulphur and nitrogen cycles
were also in operation.

Non-photosynthetic habitats, where
sulphur chemistry could be exploited, were
probably also widespread”®. Here, the
communities could have depended on the
contrast between relatively oxidized water
and relatively reduced hydrothermal fluids,
or they might have used reduced organic
debris. In particular, hydrothermal micro-
bial communities may have lived around
mid-ocean ridges, volcanic ocean islands
and island-arc volcanoes. In the mid and late
Archaean, when oxidation power in the sur-
face water was available from surface photo-
synthesis, such communities may have been
prolific. Before the evolution of photo
synthesis, the oxidation contrast would have
been less. But it would nonetheless have been
present, supplied as seawater sulphate.

The work of Rasmussen® and of others
such as Roger Buick adds anew realm — pre-
dicted, but previously only surmised — to
the map of Archaean ecology. Moreover,
although Rasmussen’s work does not show
that deep-water hydrothermal life came
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before photosynthetic life, it does lend cir-
cumstantial support to the argument that
steps in the early history of life took place
around hydrothermal systems. Analysis of
ribosomal RNA in modern organisms allows
evolutionary trees to be constructed, and
inferences to be drawn from them. The ‘stan-
dard’ interpretation of this line of evidence®
is that chemotrophic hyperthermophile
communities preceded the advent of
photosynthesis. Perhaps, then, the earliest
Archaean life was confined to the vicinity of
hydrothermal systems.

Several implications follow from this
possibility. Much of life’s ‘housekeeping’
chemistry might have evolved in such set-
tings, where metal sulphides were common
and the danger of heat shock was ever
present’. So, for example, proteins incorpo-
rating nickel may reflect their origin near
high-temperature lavas (known as komati-
ites), which can contain nickel sulphide
deposits; the use in proteins of copper, zinc
and molybdenum (metals typical of
hydrothermal deposits) could likewise
record their heritage. Even the role of heat-
shock proteins as chaperonins, which have a
crucial part in assembling complex proteins,
may date from the hazardous environment
near hydrothermal systems.

Conceivably, sensitivity to temperature
may also have developed around deep-water
hydrothermal systems. This may have pre-
adapted organisms to use light: spreading
into shallower habitats, microbial mats
may have exploited first anoxygenic then
oxygenic photosynthesis in developing eco-
systems of progressive complexity".

Hereweare deep into guesswork, however,
and there are difficulties with the evidence.
Disputes surround the interpretation of data
provided by ribosomal RNA". And the histo-
ry of the sulphur cycle is puzzling. Conven-
tional isotope work suggests that there islittle
isotopic fractionation of sulphur in Archaean
sediments, although such fractionation
would be expected if complex sulphur cycles
had evolved. Yet, from the molecular evidence
it seems that the sulphur cycle, and by impli-
cation sulphur fractionation, is of great antiq-
uity. However, recent high-resolution studies’
show a wide range of isotope ratios in well-
preserved sediments 2,700 million years old.

The ‘sulphur problem’ may be related to
the movement of fluid and sediment by mul-
ticellular organisms. Although there is geo-
logical evidence suggesting that ancestors
to such organisms were present in the
Archaean’, it may have been much later
before they were physically able to control
redox zones in microbial mats and produce
regions of fractionated sulphur large enough
tobe sampled by conventional techniques.

Finally, the reasons for the rise in molec-
ular oxygen, which seems to have occurred in
the early Proterozoic some time before 2,000
million years ago, remain unclear: that rise
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may have been linked to internal controls in
the system incorporating rubisco, mito-
chondria and chloroplasts'". And we can
only guess about the history of predation.
The study of Archaean rocks is like a
forensic investigation based on heavily
smudged fingerprints. Rocks can be altered,
whereas textures (such as reported by Ras-
mussen®) can be misinterpreted, and chemi-
cal and isotopic tracers™* can be of later ori-
gin. Yet, for all the uncertainties, the map of
life’s early evolution grows ever more detailed
as new terrains are inked in. But, as Roger
Buick has remarked, the map is still medieval
in aspect, with large blank areas marked
‘Terra incognita, or ‘Here be cannibals’. And
we still know little about the far edge of the
world oflife—wherediditcome from? =
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Semiconductors meet biology

Chad A. Mirkin and T. Andrew Taton

iomolecules are some of the most

underused, yet powerful and versatile,

building blocks available to the mat-
erials chemist. The molecular recognition
properties of proteins, protein building
blocks (peptides), and single-stranded DNA
are unmatched by conventional synthetic
analogues. Nature does not use biomolecules
to recognize technologically important inor-
ganic materials, but through advances in
molecular biology there are now strategies
for designing peptides to bind selectively to
metal and metal-oxide surfaces. But many
questions remain about the interactions
between biomolecules and unnatural inor-
ganic materials, and how their selectivity can
beimproved.

On page 665 of this issue, Belcher and
co-workers' describe how they screen a com-
binatorial library, consisting of millions of
peptides with unknown binding properties,
to identify those peptides with selective
affinities for various semiconductor sur-
faces. This approach has allowed them to
select peptide sequences that can distinguish
between different semiconductors, and even
between specific crystalline faces of the same
semiconductor.

The exquisite recognition properties of
biomolecules are a consequence, in part, of
their evolutionary refinement over millions
of years. The use of such molecules in orga-
nizing non-biological inorganic objects (for
example, tiny particles of insulators, semi-
conductors and metals) into functional
materials is an important scientific frontier
for the materials chemist in the twenty-first
century. The ultimate goal is to identify a
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type of highly specific binding property that
can be used in the biologically driven assem-
bly of molecular materials into functional
bioinorganic structures.

At present, there are two approaches to
exploiting biomolecules as the ‘glue’ for
inorganic building blocks (Fig. 1). The first
involves enhancing inorganic materials with
biomolecules that have established and well-
defined recognition properties, and then
using these properties to generate and orga-
nize novel, hybrid materials (Fig. 1a). This
strategy, which initially exploited the simple
base-pairing interactions of DNA to assem-
ble inorganic nanoparticles into periodic
macroscopic structures’, marked the birth
of a new field focusing on designer materials
whose physical and chemical properties
are tailored by the choice of building blocks.
The strategy has grown to include inter-
actions between antibodies and antigens”,
and between protein receptors and their
ligands®, among the list of highly specific
biomolecules.

This approach has led to the discovery of
some fundamentally interesting and unique
properties of these hybrid materials that
make them particularly attractive for use in
the fields of biodiagnostics and molecule-
based electronics (or nanoelectronics). In
the case of biodiagnostics, these properties
include unusually sharp melting profiles,
which translate into exceptionally high
selectivities for the target material™®, optical
properties that can be controlled by the
choice of biomolecule’ or inorganic mat-
erial®, and new catalytic properties that can
be used in detection amplification methods.
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