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Of Mice and Men

Studies of molecular evolution

The techniques developed in molecular biology over the last 20 years are now being used to provide new insights
into evolution. Biologists can isolate and compare the DNA sequences of corresponding genes from different
species — from sharks and mice to chickens and humans. The differences between them can be used to calculate

hanges in appearance or behaviour
sometimes happen in a population
of organisms. These changes might
include their colour, their size, or
what they eat, and will, almost certainly,
have been brought about by natural selec-
tion. Some individuals in the population
have genes that mean they are better adapted
to the environment — they are more likely
to survive and to produce more offspring.
They are more likely to pass on these genes
to the next generation and so, over time, the
frequency of these genes increases and the
population evolves.
Some changes in the DNA, however, may
not make any real biological difference to
their bearers.

MUTATION

Consider a mutation in a gene. This might be
a ‘point mutation’ — the change of one base
to another. If we look at the genetic code we
can see what might happen to the protein
that the gene encodes. Figure 1 shows three

evolutionary timescales.

of the possible changes in the codon TTA,
specifying the amino acid leucine, that could
result from a point mutation. Probably the
most serious change would be to a stop
codon, specifying no amino acid. Then,
when the messenger RNA for the gene was
being translated at the ribosome, synthesis
of the protein would stop at this point, and
a shortened protein, unlikely to be of use,
would be produced. Such a change is called
a nonsense mutation.

There are only a few codons that specify
‘stop’, so a missense mutation is more likely
to occur — a new amino acid is inserted. In
our case, a change of thymine to cytosine at
the second base would change the specifica-
tion to serine. If the original amino acid —
leucine — had an important role in the struc-
ture of the protein then any change in it would
be likely to result in a major loss of function.
On the other hand, if leucine was not impor-
tant then the substitution of another amino
acid might have little detectable effect.

The third type of change is a silent, or
synonymous mutation, in which a codon is
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changed to another specifying the same
amino acid. Such a change, while detectable
by a molecular biologist, might have no effect
on the organism’s ability to survive or repro-
duce. If so, it is called a neutral mutation.

NATURAL SELECTION
AND GENETIC DRIFT

What happens to a neutral mutation? It
will be neither favoured nor hindered by
natural selection, and its future will be
determined solely by genetic drift. In this
process, alleles change their frequency by
chance. Thus, if an individual has a new
neutral mutation, it is not certain how many
of its surviving offspring will inherit it. By
chance, only one offspring might inherit
the mutation, five or six could have it, or
none. An offspring that receives the muta-
tion will itself pass it on to a random number
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Figure 1 Mutational changes possible in the TTA (leucine) codon include the nonsense
mutation to TAA (a stop codon), the missense mutation to TCA (for serine) and the silent
(synonymous) change to CTA (leucine).

10 - BIOLOGICAL SCIENCESREVIEW





[image: image2.jpg]of its own offspring. Particularly in small 100 —,

o
populations, the frequencies of mutant Z %0
alleles may be greatly changed by this chance o
sampling effect. Figure 2 shows what drift 2 80
can do. The figure shows the frequencies of S 70
neutral mutations in a population of organ- = aod
isms. These change through drift. Almost =
all of them stay around in the population at o e
a low frequency for a few generations, and % 40 4
then are lost. Occasionally, however, a muta- O 39 |
tion arises which, through a series of fortu- = 20
nate chances, increases in frequency, until it i
replaces the previous type. Then, neutral 101
evolution has occurred. 0
0 50 100 150 200 250 300
MOLECULAR CLOCKS Jime/generations

g Figure 2 The evolution of neutral mutations by genetic drift. Almost all neutral mutations are
Mutations occur randomly and whether or  |ost soon after they occur. Very occasionally, one spreads through the population and becomes
not neutral mutations spread through the  fixed — a neutral evolutionary change is said to have occurred.

population is also determined by chance

(whereas the spread of other mutations is
controlled by natural selection). Neutral
evolution does not depend on whether or
not the organism is also evolving rapidly by
natural selection.

We can look at organisms that evolve
rapidly, such as mammals, and see if their
DNAs evolve at the same speed as those of
other groups that do not appear to change.
These groups are called living fossils, and
include vertebrates like the lungfish and the
coelacanth, which have hardly altered in
appearance for hundreds of millions of years.
We find that however quickly or slowly

Living fossils? (A) South American lungfish.
Lungfish were common 400 million years
ago; today only six species are known.

(B) Coelacanth. These large deepwater fish
are occasionally caught off the Comoros
Islands. (C) White-tip shark — a more
successful modern survivor of a very
ancient group (see Figure 3A).
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KUITER,

Vertebrates have a good fossil record, but we
can only guess at the skin texture and colour
of dinosaurs. (A) Simulation of a Cretaceous
scene with a Triceratops and Stegosaurus.
DNA and proteins from living animals

can complement fossil evidence,

and support the wallaby as

a much closer relative

to us (B) than the

crocodile (C).

organisms appear to be evolving in outward
appearance, their DNAs seem to accumulate
these silent changes at a relatively steady
rate. This is very useful, because any process
that operates at a constant rate can be used
as a kind of clock, in this case, a ‘molecular
clock’. Once we know how fast our clock
ticks, we can use it to time events.

Many organisms have very poor fossil
records, and it is very hard to work out when
different branches in their evolutionary trees
separated. Using molecular clocks, this
becomes possible. If we know how different
their DNA sequences are, and how fast the
DNA evolves, we can calculate how much
evolutionary time separates the organisms,
and thus know when their ancestors
diverged.
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Silent changes in DNA
occur at a fairly constant
rate. Perhaps surprisingly,
evolutionary changes in
the amino acid sequences
of proteins are also
approximately clock-like.
How can we tell if evolu-
tion shows a molecular
clock? We compare the
amino acid sequences of
corresponding proteins from types of organ-
isms for which we have a good fossil record.
This tells us in which geological eras the
groups diverged, and how much evolu-
tionary time has since passed. Thus, a good
fossil record provides the timescale that
allows us to calibrate the number of accu-
mulated differences in amino acid composi-
tion. We can then use this to work out
timescales for groups with poor fossil
records, based on the observed number of
amino acid differences.

Figure 3A shows the family tree for a
few vertebrates, showing, very approxi-
mately, when their ancestors first separated.
The split between the ancestor of primates
(including man) and the ancestor of rodents
(including mice) was probably about 80

million years ago. The split between these
placental mammals and the marsupials
was somewhat earlier. Much earlier still
was the split between the reptiles that
would evolve into mammals, and those that
would evolve into dinosaurs, crocodiles a
nd birds.

The difference between the amino acid
sequences of a protein in man and in the
mouse shows how much evolution has
happened in the 80 million years since their
common ancestor. We can also compare the
kangaroo with the placental mammals, the
chicken with the mammals, the bony fish
with the land vertebrates, and, finally, the
cartilaginous shark with bony vertebrates.
The kind of result we get can be seen in
Figure 3B where, for two different proteins,
the total amount of evolution is plotted
against the evolutionary time that has passed.

This constancy of evolutionary rate in
proteins was first noted by Japanese geneti-
cist Motoo Kimura, who suggested that
proteins were, for the most part, evolving
neutrally too. His ‘neutral theory of mole-
cular evolution’ says that, while a small
minority of amino acid changes in evolution
are caused by natural selection, adapting the
organisms to new environments, most are
neutral changes that make no difference to
how the protein works.
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ancestors of various living organisms existed.
(B) By examining organisms such as those in
Figure 3A, we can see the relationship between
the amount of protein evolution that has
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In an enzyme, for example, an amino
acid substitution far away from the active
site may not change the catalytic proper-
ties. If changes in protein sequence are
mainly neutral, what is the explanation
for the different evolutionaryrates seen
in different proteins? Why does protein

Computer graphics
representation of DNA
replicating. The ‘parent’
DNA is blue and yellow,
the newly made DNA is
purple. The parental
strands act as templates

A evolve faster than protein B? One clue
is that, while proteins differ in how fast
they evolve, they almost always change
much more slowly than do silent changes
in DNA. The obvious explanation is that
proteins have different ‘functional con-
straints’. While some might be able to
change a reasonable proportion of their
amino acids without changing how well
they function, others may have to be just
right in almost every amino acid in order
to work properly. For a protein of this
second type, almost every amino acid
change is harmful, and almost all muta-
tions will be removed from the popula-
tion by natural selection. In other proteins
fewer amino acid changes are harmful, and
more are neutral. The higher the propor-
tion of possible changes in the protein that
are neutral, the faster it will evolve.

Some people disagree with this view
of neutral evolution — they think that
almost all changes are caused by natural
selection, with mutations subtly improving
function. This selective view predicts that
protein evolution will sometimes speed up
as organisms adapt to new environments,
and we would therefore not expect a very
reliable molecular clock. There are indeed
rapid and slow periods of evolution. How-
ever, on average, these approximately
cancel out, leaving evolution reasonably
constant over long time periods (as in
Figure 3B).
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for the newly made
strands. One mistake as
new bases are added to
those templates will
make one ‘daughter’
DNA molecule different
from the parent and from
the other daughter — a
mutational change will
have occurred.
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Figure 4 In eukaryotic cells genes (DNA) contain sequences of DNA (introns) that are not
translated into protein. Initially the DNA sequence is transcribed into an RNA copy which under-
goes further modification such that the introns are removed (spliced out) and the exons are
joined together to form functional mRNA.

‘JUNK’ DNA?

It was once thought that most
DNA codes for proteins. This is
true in many simple organisms,
such as bacteria, but in plants
and animals only a minority of
the DNA does so. Humans, for
example, have around 3 billion
(3 x 10°) base pairs of DNA in
haploid cells — sperm and ova.
This is enough to encode several
million different proteins. How-
ever, -t is becoming clear that we
have only about 80000 genes,
and most DNA does not code
for proteins. What is the rest
doing? A large proportion is
introns — stretches of DNA
within genes which do not code
for amino acids. After the gene is
transcribed into RNA, this is then
processed (see Figure 4); the
introns are removed and de-
graded and the functional parts,
encoding the amino acid sequence
(exons), are joined together to
form messenger RNAs.

Even more abundant than
introns are intergenic regions,
DNA lengths between the genes
which are much longer than
the genes themselves. While
introns and intergenic sequences
do not encode proteins, does this
mean that they have no function
at all? Are they kinds of ‘junk’

Something has survived! This insect, related to modern-
day mosquitoes, is about 40 million years old. It was
trapped in the resin of a conifer tree which hardened to
form amber.
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DNA? One way of finding out is to see
how fast they evolve. Above, we saw that the
rate of evolution of proteins is slower than
the rate of evolution of silent changes in
genes. We can look at evolution rates in
introns and intergene DNAs. If they evolve
fast (like silent changes in DNA) we can
conclude that the changes do not make a
great deal of difference and that the DNA
is ‘junk’, but if they evolve slowly, like
proteins, this indicates that they are impor-
tant functional regions where any change is
likely to be harmful and thus eliminated by
natural selection.

Generally, they evolve quickly, indicating
that almost all mutations in these sequences
are neutral. There are interesting excep-
tions, however. The ends of the introns show
very low mutation rates because specific
sequences are required for the intron to be
removed in RNA processing, and a muta-
tion would prevent the formation of the
correct messenger RNA. Within intergenic
regions, large regions of DNA before the
start of the amino acid coding 'sequence are
also conserved. This is because these-regions
control the function of the gene — when,
where and how often the gene is transcribed
into RNA. So, in addition to telling us about
the origins of living organisms, studies of
molecular evolution can give us important
clues about how genes work. ®

POINTS FOR DISCUSSION

(1) Most humans live for about 20 years
before they start producing offspring; mice
start breeding within a few weeks of their
birth. What do you think would be the effect
on the rate of evolution of an increase in the
generation time of organisms?

(2) Mutations are the ultimate source of all
the genetic variability ‘used’ by evolution.
Do you think that there will be a difference
in the rate of evolution between abundant
species of organism and very rare species?

(3) In Jurassic Park it is imagined that scien-
tists can extract dinosaur DNA from dinosaur
blood that was the last meal of a mosquito
trapped in amber some 100 million years
ago. If DNA evolves according to a mole-
cular clock, which DNA would be more
similar to that of a man, dinosaur DNA or
chicken DNA?

FURTHER READING

Ridley, M. (1966) Evolution (2nd edn.),
Blackwell Science.

Majerus, M., et al. (1966) The Four Billion
Year War, Longman.

Dr John Brookfield is Lecturer in Genetics
at the University of Nottingham. His major
interest is in the evolutionary changes in
mobile DNA sequences (‘jumping genes’)
in fruit flies.

BIOLOGICAL SCIENCES REVIEW





