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You need DNA to make enzymes and you need enzymes to make DNA.

In evolutionary terms this is chicken and egg — which came first?
This article describes some of the latest research on RNA which is

shedding light on this problem

ASA scientists have found possible

traces of early life on meteorites

from Mars. Ice has been dis-

covered on Europa, a moon of
Jupiter, in which life could have evolved.
Such findings have highlighted the need
for a scientific explanation of the origin
of life. Remarkably, this explanation is
now centred on molecules that have been
studied for almost 50 years and were,
until quite recently, thought to be well
understood. These are the ribonucleic
acids, the RNAs.

RNA, like DNA, is a polymer — made
up of repeating subunits of nucleotides.
The two nucleic acids (ribonucleic and
deoxyribonucleic) have slight chemical
differences between them — RNA has
ribose sugar residues instead of deoxy-
ribose, and uracil, not thymine, is one of
the four bases. These differences, how-
ever, mean that RNA is a very different
animal from DNA! Scientists suspect that
RNA molecules have played a critical role
in the evolution of life itself.

When Watson and Crick worked out the
structure of DNA they answered several

questions about how cells functioned.
Replication could be explained in mole-
cular terms — each strand of the double
helix could be used as a template to
produce a copy, or complement, of its
partner (see Figure 1 and pp. 15-17).
DNA molecules also carry the genetic
code — the information for the produc-
tion of all the other molecules, especially
enzymes, involved in controlling meta-
bolism. Watson and Crick realised that
the order of bases along the DNA mole-
cule was used as a code to specify the
order of amino acids in the proteins.
Since there are 20 amino acids in proteins
there had to be at least 20 ‘words’
encoded by the DNA, plus signals for
start and stop. Eventually it was shown
that the code words (codons) are made
up of three ba n a row — a triplet.
There are 64 possible combinations of
triplets meaning there is more than one
DNA word for each amino acid.

Figure 1 A schematic diagram of a DNA
molecule, which shows the hydrogen
bonding connections that allow DNA and
RNA molecules to act as stores of infor-
mation. In this type of interaction A pairs
with T (or U in RNA) and G pairs with C.
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When the double strands are unwound each
partner can act as a template for formation of a
daughter strand, using the base pairing rules.
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[image: image2.jpg]Images of Europa, Jupiter's smallest and
brightest moon. Europa is thought to possess
a mantle of ice. If there is liquid water below
the surface the RNA chemistry of ribozymes
may be taking place, i.e. life could be evolving
on Europa as it may have done on Earth.

MISSING LINK

This theory explained how the DNA mole-
cule encodes the instructions for the amino
acid sequence of proteins but it did not
explain how the proteins are actually made.
DNA is contained in the nucleus and the
ribosomes that make proteins are outside, in
the cytoplasm. Francis Crick suggested that
something was needed to couple DNA
triplets to proteins. He suggested that such
molecules would exist only for a short time
— they would be made when a particular
protein was needed and be broken down
shortly after (otherwise the protein would be
made continuously).

A type of RNA appeared to fit these
properties and it was very quickly shown to
be Crick’s missing molecule. There are
several types of RNA molecule. Messenger
RNA (mRNA) is short-lived. The molecules
are formed by copying of one strand of
DNA, in the process of transcription, using
the same base pairing rules as in replica-
tion. They carry the instructions for the
order of amino acids in proteins. Ribosomes
decode the mRNA base sequence and
another RNA (transfer RNA or tRNA) is
responsible for bringing the amino acids to
the mRNA-ribosome complex. This process
is called translation because the language
of nucleic acid base sequences is translated
into the amino acid sequences of protein.
The details of protein synthesis are illus-
trated in Box 1.

Crick summarised this information flow
inside cells with his famous Central Dogma
concept: ‘DNA makes RNA makes protein’,
implying that the linear sequence of base
pairs along the DNA duplex gives rise to a
linear RNA sequence, which in turn is
faithfully decoded into a linear sequence of
amino acids in proteins.
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BOX 1 THE PROCESS OF TRANSLATION OF THE GENETIC MESSAGE

Protein synthesis has reached the point where eight amino acids have been linked,
one by one, to form a polypeptide chain
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NOT THE WHOLE STORY!

Scientists have realised that the Central
Dogma is only partially correct. For instance,
retrovir uch as the human immuno-
deficiency virus (HIV), which causes AIDS,
use RNA, not DNA, for their genetic mate-
rial. When the virus infects a cell a viral
enzyme, reverse transcriptase, makes a DNA
copy of the RNA. So RNA makes DNA! The
Central Dogma also assumes that the genetic
code for amino acids is the same in all organ-
isms. However, several minor variations in
the meanings of codons have been dis-
covered, especially in mitochondria and
chloroplasts. These variations do not present
a major problem to the dogma, since wher-
ever these changes occur there are special
tRNA molecules capable of coupling the
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Figure 2 The linear
sequence of mMRNA
molecules can be altered
after it has been copied
from the DNA. Alterations
include: (A) removal of
large regions, introns,
which do not get trans-
lated into proteins — a
process known as
splicing; (B) insertion or
deletion of individual
nucleotides; or (C) sub-
stitution of one base for
another. These last two
processes are called
editing.

appropriate amino acids with the unusual
codons.

Even the linear sequences of RNAs are
not totally fixed by the DNA (see Figure 2).
Often the DNA of a gene has sections
(introns) that do not appear to have any
function — they do not correspond to amino
acid sequences in the protein. When tran-
scription occurs the whole section of DNA
is copied and so the initial mRNA transcript
also contains these ‘junk’ sections. The tran-
script then has to be edited — the non-
coding introns are cut out and the coding
sequences (exons) are glued back together
to make a single mature mRNA. Sometimes
the linear sequences of RNA are altered by
specific editing enzymes, changing the final
protein sequence from the one encoded in
the DNA.

Figure 3 A diagrammatic repre-
sentation of Miller’s and Urey’s
experiment recreating the pri-
mordial conditions for the synthesis
of the components of the pre-

biotic soup.

A scientist adjusting equipment in a
re-run of the Miller-Urey experiment
on the origin of life. The flask con-
tains water, hydrogen, methane and
ammonia. Ultraviolet light and an
electric field are applied. The experi-
ment produces ‘prebiotic’ chemi-
cals, such as amino acids and
nucleotide bases.

IT’S LIFE JIM,
BUT NOT AS WE KNOW IT!

What has all this got to do with the origin
of life, which is where we started? The con-
nection comes when we try to define ‘alive’.
A minimal definition would be anything that
has the properties of self-replication and
change. Any system carrying out these basic
functions will produce ‘offspring’, which in
turn will replicate. If the offspring vary
slightly from their ‘parents’ some of the
offspring might be more suited to their envi-
ronment and hence replicate more success-
fully — natural selection. But what about the
first living organism? What were its parents
like? Current theories suggest that the first
living organism, or progenitor, arose from
chemically replicating systems, i.e. from
inorganic matter. If such systems did form
on Earth, perhaps some 4000 million years
ago, they could perhaps also have formed on
Mars and Europa, and on lots of other
planets. If this idea is correct, and we could
find a way to travel as fast as the starship
Enterprise, then we might in the future,
*boldly go to seek out new worlds and new
civilisations” and actually find them!

But is the idea correct? A chemically
replicating system must contain informa-
tion and replicate. From what we know of
molecules this implies that polymeric mole-
cules like nucleic acids and proteins are
likely to have been part of the self-repli-
cating systems, but where would they have
come from without living cells to synthesise
them? Trying to answer this question, Stanley
Miller and Harold Urey did a very simple
experiment over 40 years ago. They set up
a laboratory experiment to mimic conditions
on the prebiotic Earth and its atmosphere at
that time, creating a version of early weather
by producing electric sparks (lightning) and
by heating and cooling an ‘ocean’ (rain).

After a period of time, in this case
months instead of millions of years, they
samplcd the contents of the model ocean

(see Figure 3). To everyone’s surprise they
discovered small traces of the building
blocks of modern macromolecules, nucleo-
tide bases, ribose and amino acids. Simple
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Figure 4 Modern enzymes often require small co-factors which

are essential for their catalytic activity. A number of these contain

fragments of RNA, often adenosine (highlighted). It may be that such

ring enzymes are molecular fossils and the RNA component is left over
from a time when the entire enzyme was composed of RNA.
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Two problems remain. Although U A™®  Ribozyme strand
Miller and Urey’s experiment has been

repeated with similar results many
times, no one has ever detected deoxyribose,
the essential sugar of DNA, in the resultant
soup. Indeed, even in modern living cells,
deoxyribose nucleotides are produced by
enzymes from ribo-nucleo-tide precursors,
suggesting that the RNA nucleotides have
been around longer. It is therefore very
probable that the first information-carrying
molecules to emerge from the prebiotic soup
were RNAs, not DNAs.

The second problem is that modern repli-
cation is very dependent on enzymes to

Figure 5 (A) Base pairing of a simple RNA
enzyme (ribozyme) consisting of two strands,
a substrate (shown in green) and the catalytic
strand (in red). In the presence of magnesium
ions the ribozyme cleaves the substrate at
the position indicated by the arrow.

(B) Three-dimensional crystal structure of an
intermediate in the cleavage reaction. RNA
molecules are shown as framework models.
(The author is grateful to Prof. Bill Scott,
Indiana University and Dr James Murray,
Santa Cruz University, for permission to

use this image.)
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[image: image5.jpg]catalyse the formation of new DNA chains.
Enzymes are proteins. Proteins are all very
long and it is unlikely that they could be
formed by random polymerisation of amino
acids, even over millions of years. What
catalysed replication?

RNAs CAN DO IT ALL

A solution to this problem came in the
1980s from experiments on the process of
RNA splicing. Splicing reactions were
carried out in test tubes in order to isolate
the enzymes involved in gluing the RNA
exons together. Then the contents were
systematically fractionated and each time
the proteins and other components were
tested for splicing activity. The scientists
expected that when the key enzyme protein
was removed splicing would stop. Sur-
prisingly, they were able to remove all the
proteins, leaving just magnesium ions and
nucleotides, and the splicing reaction still
worked! Bravely they concluded that,
despite having studied RNAs for almost
30 years, other scientists had missed the
fact that RNA molecules, as well as
proteins, are capable of catalysis. The
catalytic RNA molecules were named ribo-
zymes (see BIOLOGICAL SCIENCES REVIEW,
Vol. 9, No. 4, pp. 24-28).

Ribozymes are not very efficient
enzymes but work well with polynucleotide
substrates. A small RNA polymer, just a
few bases long, formed by chance, with the
ability to catalyse simple replication (even
if it was error-prone) was just what was
needed to complete the theory of the evolu-
tion of living things from the pre-biotic
soup. Any such replicating RNA would also
have an advantage if it associated with
peptides, especially if they could catalyse
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aspects of replication more efficiently than
RNA alone. Eventually, such a system
would have become so complicated that it
would have been an advantage to store
nucleic acid sequence information in more
stable molecules, such as DNA.

This theory of pre-biotic evolution has
been called the RNA World hypothesis.
There is a growing body of experimental
evidence to support it. One of its pre-
dictions is that protein enzymes replaced
the functions of ribozymes during evolu-
tion. Indeed, there are a large number
of enzymes in modern cells that contain
RNA nucleotide co-factors at their active
sites, which are possibly left-over pieces of
an earlier ribozyme catalyst, a form of mole-
cular fossil (see Figure 4).

The discovery of ribozymes did not
completely solve the pre-biotic catalysis
puzzle since the RNA molecules used in
the experiments are very long and could
not have been produced by random poly-
merisation. Fortunately for the theory, short
ribozymes have also been discovered. One
of them, the so-called hammerhead ribo-
zyme, consists of just 19 nucleotides, only
6 of which have to be a specific base. This
molecule has the ability to cleave other
RNA molecules as substrates. The 3-D
structure of the hammerhead-substrate
complex has recently been worked out and
with it the principles of RNA catalysis.
Ribozymes work just like protein enzymes,
applying a specific strain to their substrates
to accelerate a particular chemical reaction
(see Figure 5).

Modern experiments suggest that
simple, self-replicating RNA molecules may
have emerged from a pre-biotic soup, giving
rise eventually to all living things on Earth.
If the exploration of the solar system
suggests that formation of such
RNAs is a common occurrence,
then the universe must be full of
living things. Whether these aliens
will have evolved to look like us
is the subject of another article,
but we might predict that their
biochemistry would be similar,
being based originally on simple
RNA chemistry.
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POINTS FOR DISCUSSION Bt
(1) Can molecules be considered Chi
to be alive? Ec
(2) Are viruses alive? Er
(3) If there is primitive life on GEC
Mars would it be safe to collect Mober
rocks and bring them back to b
Earth?
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