REVIEWS

Molecular evolutionary geneticists often consider
mutation as a completely random process; however, the
different types of base substitutions are not equally
common and the likelihood of a given mutation varies
with location in the genome. Evolutionary rates of
nucleotide substitution are determined mainly by the
mutation rate and the effects of natural selection. Differ-
ential selective constraints govern much of the existing
variation in substitution rates, such as the large differ-
ences observed between genes and intergenic regions,
or between synonymous and nonsynonymous sites
within a gene. At sites under little or no selective con-
straints, such as intergenic regions and degenerate codon
positions, all mutations are neutral, or nearly so, and
have an equal probability of being fixed in the popu-
lation. Thus, substitutions at these sites are expected to
reflect the underlying rates and patterns of mutation.

Sequence comparisons reveal that mutation rates,
in addition to selective constraints, are not uniform
throughout the genome. For example, synonymous sub-
stitution rates increase with distance from the origin of
replication in bacteria! and differ among regions of
mammalian chromosomes2. Moreover, biochemical evi-
dence and comparative sequence analysis have identi-
fied particular DNA sequences — such as palindromes or
tandem repeats — that are prone to mutation3#, and have
demonstrated that the adjacent nucleotides promote
specific mutations at a given site, for example, the rate
of transition from T.A is enhanced by the presence of a
AT or 3G.C pair>®.

The likelihood of a particular mutation can also
depend on the DNA strand in which the nucleotide is
located. Replication is an asymmetric process: on the
leading strand it proceeds continuously, whereas on the
lagging strand it proceeds discontinuously by the syn-
thesis and joining of short Okazaki fragments’. In bacte-
ria, both DNA strands are synthesized coordinately by
the same apparatus, the DNA polymerase III (pol 1D
holoenzyme. For lagging-strand replication, at least one
additional enzyme, DNA primase, is needed to form the
short RNA primers that will be elongated by pol III
(Ref. 8), and it remains unclear whether pol III or pol 1
fills the gaps after these primers are removed®. In mam-
malian cells, four nuclear DNA polymerases have been
described, but the exact role of each during leading-
and lagging-strand replication has yet to be resolved. It
seems clear that pol o with its associated primase activity
is at least partially involved in lagging-strand synthesis,
whereas pol 8 or € could be responsible for synthesis of
the leading strand!?11, Because the various polymerases
have substantially difterent error rates!}, the use of differ-
ent enzymes during leading- and lagging-strand synthesis
allows for variation in error rates between the strands.

In addition to the different enzymatic requirements
for synthesis of the leading and lagging strands, the
replication fork is structurally asymmetrical: leading-
strand replication proceeds by unwinding very short
templates before replication, while lagging-strand syn-
thesis requires the exposure of long single-stranded
regions. This might facilitate template-primer misalign-
ments1112 and increase damage to the template strand.

Transcription is also asymmetric and can introduce
biases in the patterns of mutation on the two strands. In
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The complementary strands of DNA differ with respect to
replication and transcription. Both of these processes are
asymmetric and can bias the occurrence of mutations
between the strands: during replication, the discontinuous
lagging strand undergoes certain errors at bigber rates, and
transcription overexposes the nontranscribed strand to DNA
damage while targeting repair enzymes to the transcribed
strand. While biases introduced during replication
apparently bave little impact on sequence evolution, the
effects of transcription are observed in the asymmetric
paiterns of substitution in bacterial genes and might be
influencing genome-wide patterns of base composition.

the transcription elongation complex in vivo, the DNA
helix is unwound over 17-18 bp, and the DNA template
and the nascent RNA form a hybrid of 10~12 bp, while
the nontranscribed DNA strand remains transiently single
stranded!3. Thus, transcription might bias mutation pat-
terns between the transcribed and nontranscribed strands
by exposing the nontranscribed strand to DNA damage.

Evolutionary consequences of strand asymmetries

Strand asymmetries in the frequency of mutations
would influence the evolution and composition of DNA
sequences. With no strand bias, patterns of substitution
are expected to be symmetrical, with complementary
changes (e.g. C—-T and G—A, or T-A and A—T) occur-
ring at equal frequencies. Strand biases disrupt this sym-
metry by creating patterns of change where certain sub-
stitutions are more common than their complements,
thereby generating inequalities between the frequen-
cies of complementary bases (Fig. 1). In addition, if the
nucleotide composition of a strand is influenced by the
way it is replicated, strand asymmetries could contribute
to the compositional structure of entire chromosomes.

On the basis of computer simulations, it has also been
suggested that asymmetric error rates between the DNA
strands might be adaptive at the population levell4.15, In
these simulations, strand-symmetric and -asymmetric
models of evolution were compared, and populations
under the asymmetric regime were found to evolve faster,
to attain higher fitness and to avoid extinction. Presum-
ably, asymmetry confers an advantage by increasing the
variance in number of mutations accumulated per indi-
vidual (because individuals descending from leading-
strand replication have fewer than the average number
of errors, whereas those descending from lagging-strand
replication have more), thereby maintaining individuals
with few or no mutations as a baseline, from which the
population can only evolve towards higher fitness.

In this review, we examine the evidence relating to
asymmetrical mutation rates between the DNA strands,
and address some of the controversies about their
impact on sequence evolution.
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