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ABSTRACT The basic ideas of replication, mutagenesis, and repair have out-
lined a picture of how point mutations occur that has provided a valuable
framework for theory and experiment, much as the Standard Model of particle
physics has done for our concept of fundamental particles. However, alterna-
tive modes of mutagenesis are being defined that are changing our perspective
of the “Standard Model” of mutagenesis, requiring an expanded model. The
genome is now envisioned as being in dynamic equilibrium between a multi-
tude of forces for mutational change and forces that counteract such change. By
maintaining a delicate balance between these forces, cells avoid unwanted or
excessive mutations. Yet, cells allow mutagenesis to occur under certain condi-
tions. We can define an emerging paradigm. Namely, mechanisms exist that can
direct point mutations to specific designated genes or regions of genes. In some
cases, this is achieved by specific enzymes, and in other cases high mutability
is programmed into the sequence of certain genes to help generate diversity. In
yet additional cases, general mutability is increased under stress, and selective
forces allow the recovery of favorable mutants.

KEYWORDS mutagenesis, repair, standard model, alternate pathways, directed
mutations

INTRODUCTION

In reading Gordon Kane’s recent Scientific American article “Physics Beyond
the Standard Model” (Kane, 2003), I was struck by some of the parallels between
the development of models for particle physics, and those of molecular biol-
ogy, and in particular models of mutagenesis. Just as the “Standard Model” of
particle physics has stood for 30 years, but is now on the verge of requiring
significant extensions, the basic concept of mutagenesis is also on the threshold
of significant change. Although no one has actually attached a label to the con-
cordance of ideas on mutagenesis in the same way that Francis Crick did with
the “Central Dogma,”—which states that information flows from nucleic acid
into protein and never in reverse (see Judson, 1979)—I would offer that there has
been a basic or “Standard Model” of mutagenesis and repair that emerged out
of early work and that took its present form after the elucidation of the structure
of DNA and work through the 1970s and the 1980s. This model has stimulated
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a large amount of research aimed at filling in its details
and at applying it to human disease,especially to cancer.
The Standard Model is not a mere formulation, but
rather the result of several decades of experimentation.
It reduces a complex series of events into a set of unified
and simplified processes. Although first established for
bacteria and bacteriophage, its principles also apply to
higher cells, from yeast to humans.

Now, however, alternative mechanisms of mutage-
nesis are emerging that help define a new paradigm.
Mutations are not always an accident of unrepaired
replication errors or DNA damage, but sometimes
result from pathways that are outside the Standard
Model. Some of these pathways are even programmed
to create mutations. As the study of mutagenesis
expands to include more of the enormous diversity
of organisms, we can only expect to find additional
examples of pathways that deviate from the Standard
Model. Let us review the Standard Model and examine
some of the alternate pathways.

THE STANDARD MODEL
OF MUTAGENESIS AND REPAIR

In the Standard Model (Figures 1 to 4), DNA is
normally replicated by DNA polymerases (Figure 1)
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that use recognition of specific base pairs together with
Watson-Crick base-pairing specificity to effect a certain
level of fidelity (reviewed in Kornberg & Baker, 1992;
Friedberg et al., 1995). This fidelity is enhanced both by
editing subunits of the polymerase itself (Scheuermann
et al., 1983; Scheuermann & Echols, 1984; Echols &
Goodman, 1991), and by enzymes that recognize and
correct replication errors (mismatch repair; Figure 2;
reviewed in Modrich, 1991; Modrich & Lahue, 1996;
Kolodner, 1996). Mutations occur as a result of replica-
tion errors that escape repair, as a consequence of spon-
taneous DNA damage, or as a result of the action of mu-
tagens. Some mutagens are base analogs, whereas others
cause alterations or damage to base pairs that lead to mi-
spairing and thus to higher rates of errors during repli-
cation, as described below. (Here we are concerned with
point mutations, base substitutions, and small additions
or deletions. Larger rearrangements, such as large dele-
tions, insertions, or inversions, including those gener-
ated by transposable elements, are not described by the
Standard Model). DNA damage can occur by agents
generated during cellular metabolism (endogenous), or
by external agents (exogenous), and is subject to repair
by a wide variety of repair systems. Some categories of
mutagens that fit the Standard Model and some repair
systems are summarized below.
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FIGURE 1 DNA replication in E. coli. A schematic view of many of the essential elements of DNA replication at the replication fork.

(From Griffiths et al., 1999).
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Base Analog Induced
Replication Errors

One class of mutagens studied during the initial
work on mutagenesis in phage and bacteria are termed
base analogs, since they can be incorporated into
DNA but have more ambiguous pairing rules than

A
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recruiting MutL,

inkervening DNA

activating MutH (o nick DNA
5’ to GATC and looping out the

recruiting UvrD

—
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MutS MutL

do normal bases (for more detailed descriptions, see
Friedberg ef al., 1995). 2-aminopurine (2AP) is an
example of this type of mutagen. 2AP is an ana-
log of adenine (A), but in addition to pairing with
T, both its enol and ionic tautomers can pair well
with C. These tautomers occur more frequently than
those of the normal Watson-Crick bases. Thus, 2AP

After removing the mismatch
site, DNA is resynthesized
and ligated

| =

unwinding and removing

Exonuch intervening DNA

ATP!ADP
UvrD MutH

FIGURE 2 A) A model of MutL-mediated mismatch repair in E. coli. (From Guarné et al., 2004). B) Functional networks in DNA damage

recognition by MMR proteins. (From Bellacosa, 2001). (Continued)
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FIGURE 2 (Continued).

increases mutations from G:C — A:T and vice versa.
(Figure 3).

Damage to DNA

There are many types of damage to DNA that can be
caused by exposure to different agents. One example
involves alkylating agents, such as ethyl methanesul-
fonate, a mutagen that alkylates the 0° position of gua-
nine, among other positions, converting the guanine

o CH,
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Protonated H Cytosine

2AP

FIGURE 3 2-aminopurine (2AP) paired with thymine, and a pro-
tonated form of 2AP paired with cytosine.
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into a base that now pairs with T (Figure 4a). Alkylat-
ing agents can be powerful mutagens. Oxidative dam-
age can occur as a result of exposure to ionizing radi-
ation, or oxidizing agents such as hydrogen peroxide,
or those generated during metabolism. 8-oxodGuanine
is a frequent product of oxidative damage (Figure 4b).
The substitution at the 8-position of guanine pushes the
G into the syn conformation, thus allowing mispairing
with adenine and resulting in G — T transversions. An-
other example involves UV irradiation-induced photo-
products, including two different types of pyrimidine-
pyrimidine dimers (Figure 4c). This latter type of
damage, as well as AP (apurinic or apyrimidinic) sites
resulting from cleavage of the N-glycosydic bonds, in-
volves loss of pairing specificity, so that replication
across from such lesions usually leads to mutations (see
also below). Most of the types of DNA damage that
lead to mutagenesis are described in detail in the vol-
ume by Friedberg and coauthors (1995) (see also reviews
by Barnes & Lindahl, 2004; Friedberg et al., 2004).

DNA Repair Systems

In addition to the polymerase editing function and
the mismatch repair system that operate on replication
errors, a myriad of DNA repair systems has been char-
acterized (see Friedberg e al., 1995; Lindahl & Barnes,
2000; Wood etal., 2001; Lindahl, 2001; Friedberg, 2003;
Barnes & Lindahl, 2004). Table 1 summarizes many
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FIGURE 4 A) EMS alkylates the 0-6 position of guanine, generating mispairs with thymine. B) Oxidation of the C-8 position of guanine.
C) Structures of a cyclobutane pyrimidine dimer (left) and of the 6-4 photoproduct (right). (From Friedberg et al., 1995).
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TABLE 1 Types of repair systems characterized in Escherichia coli

General mode of Type of lesion
operation Example repaired Mechanism
Detoxification Superoxide dismutase Prevents formation of Converts peroxides into hydrogen peroxide,
oxidative lesion which is neutralized by catalase
Direct removal of Alkyltransferases 0-6-alkylguanine Transfers alkyl group from O-6-alkylguanine to
lesions cysteine residue on transferase
Photolyase 6-4 photoproduct Breaks 6-4 bond and restores bases to normal
Photolyase UV photodimers Splits dimers in the presence of white light
Oxidative 1-methyadenine, AlkB catalyzes the oxidation of the methyl
demethylation 3-methylcytosine groups, requiring O,, a-ketoglutarate, and
Fe(ll), releasing it as formaldehyde
General excision uvrABC-encoded Lesions causing Makes endonucleolytic cut on either side of
exonuclease system distortions in double  lesion; resulting gap is repaired by DNA

helix, such as UV
photoproducts and
bulky chemical

additions
Specific excision AP endonucleases AP sites
DNA glycosylases Deaminated bases
(uracil,

hypoxanthine),
certain methylated
bases, ring-lll
opened purines,
oxydatively
damaged bases; and
certain other
modified bases

GO system 8-oxodG

For personal use only.

Postreplication Mismatch repair Replication errors
system resulting in base-pair
mismatches

Recombinational Lesions that block
repair replication and
result in
single-stranded gaps
SOS system Lesions that block
replication
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polymerase | and DNA ligase

Makes endonucleolytic cut; exonuclease creates
gap, which is repaired by DNA polymerase | and
DNA ligase

Removes base, creating AP site, which is repaired
by AP endonucleases

The MutM glycosylase removes 8-oxodG from
DNA,; the MutY glycosylase removes the A from
8-0x0dG-A mispairs, leading to re-creation of an
8-0x0dG-C pair, and the MutM glycosylase then
removes the 8-oxodG

Recognizes newly synthesized strand by detecting
nonmethylated adenine residues in 5'-GATC-3’
sequences; then excises bases from the new
strand when a mismatch is detected

Recombinational exchange

Activates synthesis of DNA polymerases that allow
replication bypass of blocking lesion, resulting
in frequent mutations across from lesion, and
also mutations across from normal bases

For further details see reviews by Friedberg et al., 1995; Friedberg, 2003; Barnes and Lindahl, 2004, Friedberg et al., 2004; and also Trewick et al.,

2002; and Falnes et al., 2002. Table modified from Griffiths et al., 1999.

of the known repair systems in bacteria. Their normal vary considerably at individual sites (e.g. Garibyan ez al.,
functioning results in spontaneous base substitution 2003). Base substitution rates also vary from one organ-
rates averaging on the order of 10710 per base pair per ism to another (e.g., Drake, 1991). However, the total
replication,in bacteria such as E. coli, although this will genomic substitution rates vary within a much narrower
J. H. Miller 160
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range, and are in fact relatively constant (Drake, 1991;
Drake et al., 1998).

ALTERNATE MODES
OF MUTAGENESIS—EXTENSIONS
TO THE STANDARD MODEL

More than 10 pathways of mutagenesis have been
defined or outlined that are distinct enough from the
basic mutagenesis paradigm to let us categorize them
as alternate modes of mutagenesis not covered by the
Standard Model. Although the original studies of some
of these pathways go back several decades, much of this
work has been completed relatively recently.

The Induction of New Polymerases
for SOS Bypass

The SOS system was first described following studies
of UV irradiation (Radman, 1974, 1975; Witkin, 1974,
1976), and a large body of literature is devoted to this
system, which involves the expression of a set of genes
in response to lesions that block DNA replication (re-
viewed in Walker, 1987; Friedberg ez al., 1995). In ad-
dition certain UV photoproducts, AP sites and some
bulky adducts also prevent normal base pairing, trig-
gering the replication machinery to stop at that point
(see Courcelle ez al., 2001, and references therein). Sub-
sequent restarting past the blocking lesions leaves gaps
that need to be filled. When these gaps persist, a set
of proteins is induced that, among other things, al-
lows replication past the blocking lesion. Recently, it
was discovered that special DNA polymerases, such as
Pol IV and Pol V in Escherichia coli, are induced that
can replicate past these blocking lesions (Reuven et al.,
1999; Tang et al., 1999; Wagner et al., 1999). These poly-
merases are part of the “Y super family” of error prone
polymerases that occur in bacteria, yeast, and humans
(reviewed in Friedberg et al., 2002; Ohmori et al., 2001;
Sutton & Walker, 2001). Figure 5 diagrams their mode
of action in E. coli, yeast, and humans. The mutations
made across from the blocking lesions fall within the
confines of the Standard Model. However, these poly-
merases have a less stringent fidelity, and as a result make
errors across from normal bases at a higher frequency
than do the normal replication and repair polymerases.
Therefore, mutations are made at sites that are dis-
tant from the actual lesions, as shown schematically in
Figure 6. These latter mutations, originally termed “un-
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targeted mutations” (Witkin & Wermundsen, 1978), fall
outside the Standard Model. The level of these muta-
tions is reduced by the mismatch repair system (Caillet-
Fauguet & Maenhaut-Michel, 1988; Fijalkowska ez al.,
1997), and is usually low when compared with the level
of mutagenesis resulting from replication across from
the noncoding lesions. However, there are situations
when this level can be elevated, such as by overexpress-
ing Pol IV encoded on a plasmid (Kim ez al., 1997; Yang
etal.,2004), and there are potential mutagens that could
operate solely indirectly by inducing this system. More-
over, other stress responses also involve overexpression
of Pol 1V, such as the stationary phase stress response
induced by the RpoS sigma factor in E. coli (Layton &
Foster, 2003 ; Lombardo ez al., 2004). Mutants have been
described that have this system permanently turned on
(Witkin, 1974), and these have an elevated level of mu-
tagenesis (Witkin, 1974; Miller & Low, 1984) resulting
from these “error-prone” polymerases. It has been sug-
gested by a number of authors that activating the SOS
system is a mechanism designed for generating vari-
ants during times of stress (reviewed in Radman ez 4l.,
2000), although it may be that the additional mutage-
nesis caused by activating the Y family polymerases is
simply an unavoidable consequence of bypassing non-
coding lesions.

Adaptive Mutagenesis

Mutations that appear in non-growing or very slowly
growing cells and only in the presence of selective
agents, a phenomenon that was first recognized as such
by Cairns and coworkers (1988), have been termed
“adaptive mutations.” A large body of work by sev-
eral laboratories (see recent reviews by Foster, 2004a,
b, ¢; Rosenberg & Hastings, 2004a, b, c; and Roth &
Andersson 2004a, b, c) has sought to define the pathway
by which these mutations occur. The mutations prefer-
entially occur on the F' lac episome (plasmid) used in
many experiments. There are disagreements over the
mechanism, with some groups favoring the induction
of increased mutagenesis in a segment of the popula-
tion (see Foster, 2004a; Rosenberg & Hastings, 2004a),
perhaps involving the RpoS sigma-dependent stress re-
sponse (Layton & Foster, 2003; Lombardi ez al., 2004;
see above section), with mechanisms based on double
strand break repair accounting for many of the remain-
ing mutations. On the other hand, Roth and coworkers
(2004¢) maintain that all the mutations are the result
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FIGURE 5 Conserved mechanism of translesion DNA synthesis. Here the replicating polymerase is displaced by the bypass poly-
merases that carryout translesion synthesis, and then are subsequently replaced by the original replicating polymerase (After Woodgate,

FIGURE 6 Mutations generated by replication errors from bypass polymerases. DNA polymerase is shown in a highly schematic form.

J. H. Miller

162

RIGHTS

Ay



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

l Amplification

—l o | lac | lac | lac frereers

]
50 COPIES'
l Reversion in one copy

lac* lac | lac | lac

fronsaas

l Loss of non-revertant copies

— G

FIGURE 7 Model for reversion by first amplifying copies to in-
crease the chance that one copy undergoes mutation, and then
losing the other copies.

of amplification of the lac region of F, generating 50
to 100 copies that provide an increased chance for a
revertant to occur (Figure 7). Once this happens, the
single copy of the reverted gene is maintained, but
the F plasmid rapidly loses the now unneeded extra
copies. Amplification of genes in bacteria (Edlund &
Normark, 1981), and of the /ac region (Horiuchi et al.,
1963; Tlsty et al., 1984; Whoriskey et al., 1987), have
been described, and amplification-based models have
been considered for adaptive mutation (Foster & Cairns,
1992; Andersson et al., 1998; Hastings et al., 2000;
Hendrickson ez al., 2002). The transient increase in copy
number to increase the chance of getting a revertant
is a novel route to increased mutagenesis, particularly
when the revertant no longer carries the amplifcation.
Whether this is the sole or virtually sole mechanism for
adaptive mutagenesis, as Roth’s group argues (Roth &
Andersson, 2004a, b, ¢) or only one of several ways that
result in these mutations (Foster 2004a, b, c; Rosenberg
& Hastings, 2004a, b, c), such transient amplification
clearly represents an alternate mode of mutagenesis.
Whether this is essentially restricted to certain specific
F derivatives or is more widespread cannot be answered
at this point, since our view of mutagenesis is based on
such a relatively small segment of the microbial realm,
not to mention the entire living world. It should be
noted that, as a phenomenon, gene amplification has
been well documented in eukaryotes (e.g., Schimke,
1982).

Cairns and coworkers (1988) originally suggested that
the mutations in /ac might represent an example of di-
rected mutagenesis (see also Shapiro, 1984; Hall, 1997;
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and discussion in Cairns, 1998). Although not strictly
true in this case, according to the current models, this
idea is in fact born out in several other systems reviewed
below.

Mistranslation Mutagenesis

In our laboratory, we detected two mutators, mutA
and mutC (Michaels et al., 1990) that result from mu-
tations in the genes for different copies of a glycine
tRNA (Slupska ez al., 1996). The mutations affect the
anticodon, so the tRNAs now read aspartic acid codons
and insert glycine at these codons (Slupska ez al., 1996),
although at a low percentage (1%). How could 1% mis-
translation produce a mutator effect? In other words,
how could smaller amounts of an altered protein cause
such an effect in the presence of large amounts of the
normal counterpart? A good candidate is DNA poly-
merase, or a component of DNA polymerase, such as
the proofreading subunit ¢. Certain mutations in the
dnaQ gene encoding ¢ create a strong mutator pheno-
type, mutD (Degnen & Cox, 1974; Cox & Horner, 1982;
Echols et al., 1983; Maruyama et al., 1983), and these
mutations are dominant to wild-type. As it turns out,
1% of the level of mutagenesis resulting from mutD
would account for the level of mutagenesis seen in
strains with mutA or mutC. These considerations re-
sulted in the idea that in mutA or mutC strains mutator
polymerases, with an altered ¢ subunit, are continually
and transiently created in a subset of the population by
mistranslation, in this case the specific mistranslation
of GLY for ASP (Slupska ez al., 1996) (Figure 8). This
notion is supported up by the demonstration that sub-
stitutions of glycine for aspartic acid at two different
positions in the dnaQ-encoded epsilon are strong mu-
tators, similar to the mutD mutator reported for other
alterations in the drzaQ gene (Slupska et al., 1998). More-
over, specific mistranslation of glycine for histidine pro-
duces a similar effect (Slupska ez al., 1998). Humayan
and coworkers (Humayun, 1998; Murphy ez al., 1997,
Balashov ez al., 2004, and references therein) have sug-
gested a different mechanism emanating from mistrans-
lation in general that induces a mutagenic effect, al-
though again involving polymerase, and probably also
the epsilon subunit (Balashov ez 4l., 2004). Independent
of the details of the mechanism, mistranslation clearly
offers another alternative mode of mutagenesis not cov-
ered by the Standard Model. It should be noted here
that one of the above models of mutagenesis resulting
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FIGURE 8 Model for action of mutator tRNAs. Here, the insertion of glycine at aspartic acid codons at low frequency generates a popu-
lation of altered DNA polymerase proofreading subunits (¢). (From Slupska et al., 1996.)

from mistranslation represents an example of transient
mutators postulated by Ninio (1991), who suggested
that partitioning of key components required for trans-
lation and transcription, and also editing and mismatch
repair, might generate cells that make more uncorrected
errors for one generation.

Quasi-Palindrome Templated
Mutations

DNA has the ability to partially denature for short
stretches and to form secondary structures. Cruciform
structures can result from quasipalindromes that fold
back, creating imperfect duplexes, as shown in Figure 9.
If the duplex segment is pronounced enough, the mis-
pairs can be resolved in one direction or the other, re-
sulting in mutations that are often multiple mutations.
Ripley and coworkers (Ripley, 1982; de Boer & Ripley,
1984) first proposed and then demonstrated this “tem-
plating” of point mutations in frameshifts in bacterio-
phage T4 (reviewed in Lovett, 2004.) Susan Lovett and
coworkers (Viswanathan et al., 2000) showed that, in the
thyA gene of E. coli, a templated mutation (Figure 10)
is the most frequent spontaneous mutation, and one of
the most frequent mutations studied so far in E. coli.
In the detailed model depicted in Figure 10, exonucle-

J. H. Miller

olytic degradation and resynthesis on the lagging strand
resolves the mispairs (Viswanathan et al., 2000). This
pathway of mutagenesis (see also Yoshiyama & Maki,
2003), which one might envision as fooling repair syn-
thesis into making mutations, is a clear departure from
the Standard Model, and requires an extension of the
model.
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\
\ /

G

A 4

5’ 3

FIGURE 9 Anexample of a cruciform structure that could form
from a quasipalindrome.
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FIGURE 10 Hairpin-templated mutagenesis mechanism for a hotspot in thyA. During lagging strand replication, the nascent strand
undergoes intramolecular pairing, forming cruciform structures (Bottom left, right. Unpaired nucleotides at the 3’ end of the nascent
strand are vulnerable to degradation by Exol or ExoVIl (top left). DNA replication converts the structure into a more fully paired hairpin,
introducing new mutagenic changes (thyA131 and thyA1240127) into previously unpaired sites. (From Viswanathan et al., 2000).

Extensive Repeat Templated
Mutations

Accelerated Triplet Repeat Expansion

As many as 15 neurodegenerative diseases in humans
result from the expansion of a triplet that is present as a
tandem array in normal individuals, but that expands to
very large numbers in afflicted individuals after an inter-
mediate stage with modestly increased triplet numbers
(reviewed in Wells, 1996; Gordenin ez al., 1997; Richard
et al., 1999; Mirkin & Smirnova, 2002). An example
is Fragile X syndrome, resulting from CGG triplet ex-
pansion (Figure 11). Normal individuals have 6 to 54
copies of a CGG repeat in a protein involved in neu-
ral development. This expands to 54 to 200 copies in
“pre-mutational” individuals, and from 200 to 1,300
copies in people with full symptoms. Other examples
are Kennedy and Huntington disease, both resulting
from the expansion of the CAG triplet, and myotonic
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dystrophy, resulting from the expansion of the CTG
triplet. Although increases and decreases in tandemly
repeating units can occur frequently as replication errors
in the Standard Model (e.g., Streisinger et al., 1966), and
were recognized as being responsible for certain muta-
tional hotspots (e.g., Farabaugh et al., 1978; reviewed in
Lovett, 2000), the accelerated run-up of repeat numbers
seen here involves additional mechanisms that qualify
as alternate modes of mutagenesis. The favored model
involves secondary structures folding back on them-
selves and driving increased replication errors, as shown
in Figure 12. For more detailed models see Wells (1996)
and Gordenin et al. (1997).

Programmed High Mutation Rate
at “Contingency” Loci

One mechanism for increasing genetic diversity in-
volves loci that have high rates of mutation because
they contain contain significant repeat-tract sequences
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CGG TRIPLET EXPANSION
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FIGURE 11 Triplet repeat expansion leading to Fragile X syndrome.

that are not multiples of three. These so-called “con-
tingency” loci (Moxon, 1994; Bayliss et al., 2001; see
reviews by van Belkum ez al., 1999; Bayliss ez al., 2004a.)
encode proteins such as surface antigens that give an
organism a selective advantage if variation occurs fre-
quently. Two well studied examples are Haemophilus in-
fluenzae and Neisseria meningitides (Bayliss et al., 2001;
2004b; Martin et al, 2004). Phase variation, the re-
versible switching of surface antigens, is achieved by
frameshifting at sequence repeats in promoters or cod-
ing sequences. As many as 47 genes in IN. meningitides are
regulated by this mechanism (Martin ez al., 2004). For ex-
ample, the opa genes contain repeats of a 5-bp sequence

Affected Individual

in the coding region, and a set of loci in H. influenzae
contain repeats of a 4-bp sequence. Also, the divergent
promoter for the hifA4 and 4ifB,C,D,E operons that are
involved in pilus formation contain a-TA-repeat tract
between the -35 and -10 regions. It is the programmed
accelerated mutation rate at designated sites that quali-
fies contingency loci as a special mechanism.

Activation-Induced Cytidine
Deaminase (AID)

In vertebrates, one of the mechanisms for diversi-
fication of immunoglobulin variable genes is somatic

Expansion

Hairpin
Structure

FIGURE 12 Model for accelerated triplet repeat expansion. Formation of a hairpin structure by an Okazaki fragment allows one region
of the template to be replicated twice, leading to expansion (From Gordenin et al., 1997, as adapted from Kang et al., 1995).
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FIGURE 13 DNA deamination model of immunoglobulin diversification. For details see text and Petersen-Mahrt et al., 2002. KU70/80
are non-homologous end-joining proteins. AP endonuclease, apyrimidic endonuclease; DNA-PK, DNA-dependent protein kinase; dRPase,
deoxyribophosphodiesterase; V, variable. From Petersen-Mahrt et al., 2002.

hypermutation, which is now attributed to activation-
induced cytosine deaminase operating on G:C base
pairs (Petersen-Mabhrt et al., 2002). In fact, the deam-
ination of cytosine to uracil is apparently the trig-
ger for other forms of post-V-J joining diversification,
including gene conversion (Harris e al., 2002b) and
class switch recombination (Muramatsu et al., 2000),
although this latter pathway is still incompletely un-
derstood (see Begum et al., 2004). Figure 13 details the
model (Petersen-Mabhrt e al., 2002). Replication across
the U would result in a G:C — A:T transition, whereas
replication across from the AP site generated by excision
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would result in all base substitutions. Mutations can oc-
cur at 5 to 6 orders of magnitude higher levels at the
points targeted by somatic hypermutation than for the
rest of the genome. AID is a B cell-specific enzyme that
is part of a family of enzymes that includes the RNA
editing enzyme APOBECI (Harris ezal., 2002a). Expres-
sion of both AID and APOBECI in E. coli results in a
mutator phenotype (Peterson-Mahrt et al., 2002; Harris
etal.,2002a). Although this directed mechanism is so far
specific to B cell activation (Wang et al., 2004), the con-
cept of inducing an enzyme that generates mutations in
a predefined region of the genome is clearly outside the
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A% rearranged V-J

frameshift

YV rearranged V-J

gene conversion

FIGURE 14 Conceptual diagram of gene conversion in im-
munoglobulin genes. A psedugene, 'V can contribute sequences
to the rearranged V-J gene, in this case reverting a frameshift
mutation.

scope of the Standard Model. Moreover, APOBEC cy-
tosine deaminases are key elements of cellular defenses
against infection/invasion by retroelements (reviewed
in Turelli & Trono, 2005). For instance, APOBEC3G
deaminates dC — dU in minus-strand DNA that is
reverse transcribed from HIV RNA, leading to in-

activation of functional proviruses (Turelli & Trono,
2005).

Recombination/Gene Conversion
From Divergent Sequences

Pseudogenes can serve as templates for gene conver-
sion by allowing recombination between divergent se-
quences. This mechanism plays a key role in generating
antibody diversity in some systems, such as those of
chickens and rabbits (Weil & Reynaud, 1992; Harris
et al., 2002b). Figure 14 diagrams the concept, and
Figure 15 shows an example of sequence changes re-
sulting from gene conversion from pseudogenes. It is
not clear how prevalent this mechanism is for spon-

PYYIHAACAGTIGC

YY20——— GCTGGA

YyyV2———CCIGG

Pv2 TAAGGCGGCTATGGC

taneous mutations occurring throughout the genome.
In the case of antibody diversity, the process is again
triggered by the AID enzyme in B cells (Harris ez al.,
2002b). Perhaps the recombination events occurring
at other pseudogenes are normally kept under check.
Any divergent sequence that retains enough homol-
ogy to be recognized by recombination systems (ho-
mologous recombination) is a potential template for
mutations. An example is homeologous recombination
between Salmonella and E. coli. In conjugation or trans-
ductional crosses, recombination occurs between these
two species that are 18% divergent. This recombination
is significantly suppressed by a functioning mismatch
repair system (Rayssiguier ef al., 1989). Although often
involving the exchange of large segments, recombina-
tion between shorter segments can result in genes that
carry sequences from each organism. The mutS gene
of E. coli appears to be a mosaic derived by multiple
rounds of recombination with genes from divergent
species (Denamur ez al., 2000).

Indirect Mutagenesis by Saturation
of Mismatch Repair

Like any repair system, the mismatch repair system
can be saturated to the point where it can no longer re-
pair additional mismatches. For example, under certain
growth conditions, mutants of E. coli lacking the epsilon
subunit editing function have such high rates of uncor-
rected mispairs that extracts of cells can no longer repair
heteroduplex mismatches (Schaaper, 1988; Damagnez
et al., 1989). Mutagens that create lesions or mispairs
that are recognized by the mismatch repair system can
have the same effect. Thus, a set of base analogs and
alkylating agents generate frequent frameshift muta-
tions at repeat tract sequences (often called microsatel-
lites in yeast and higher cells), not by directly targeting

yV8/VLF—m-T—
V25 %

PVI§— A
Pvil e

yv24

YV18/23 =T

: AL C
a 5 T

105 GAGAAACCGTCAAGATCACCTGCTCCGGGGGTGGCAGCTATGCTGGAAGTTACTATTATGGCTGG TATCAGCAGAAGGCACCTGGCAGTGCCCCTG 200

FIGURE 15 Gene conversion in IgV. Gene conversion and point mutation events are shown in the sequence alignments with the IgV

pseudo donors (indicated above the line). From Harris et al., 2002.
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FIGURE 16 Transient saturation of the MMR system. Treatment
with EMS causes DNA damage (stars) that is recognized by the
MutS protein (closed circles). Eventual saturation of the MutS pro-
teins allows transferred undamaged DNA to be replicated in the
absence of mismatch repair, resulting in frameshifts at repeat-
tract sequences. From Miller et al., 2000.

these mutations, but by saturating the mismatch repair
system that now can no longer repair the replication
errors that occur at these sequences (Cupples ef al.,
1990; Miller ez al., 2000). Figure 16 depicts this mecha-

nism. The fact that these mutagens cause frameshifts
indirectly can be shown by examining an unmutag-
enized target after introduction into mutagen treated
cells (Miller e al., 2000; Figure 16). Completely satu-
rating the mismatch repair system will also result in an
increase in base substitutions, since replication errors
are no longer repaired. However, these mutations are
often masked by the mutations directly targeted by the
mutagen in question.

Direct Inactivatin of
Repair—Cadmium

Cadmium (Cd**) is both toxic and carcinogenic
(IARC, 1993; Hengstler ez al., 2003), and causes muta-
tions in both yeast and humans by a mechanism that in-
volves direct interaction with a repair systen, rather than
with DNA (Jin ez al., 2003; reviewed in by McMurray
& Tainer, 2003). Cadmium binds to and inactivates
the mismatch repair system, thus leading to a large in-
crease in spontaneous mutations, precisely as happens
in mismatch repair deficient strains (Jin et al., 2003).
Cadmium is thus an example of an indirect-acting
mutagen, as depicted in Figure 17. Although certain

Frameshift

FIGURE 17 Cadmium poisoning of MMR enzymes and resulting mutations. Different heterodimers allow mismatch correction of differ-
ent types of lesions, as pictured here. Cadmium interferes with the mismatch repair complexes, allowing more mutations of these types
to occur, with some of the biological consequences indicated below. From McMurray and Tainer, 2003.

169

Perspective on Mutagenesis and Repair

RIGHTS LI N



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

mutagens can induce some mutations indirectly, for in-
stance by making so many lesions in DNA that they
saturate the mismatch repair system (see the preced-
ing section), what is distinct about cadmium is that
it does not interact with DNA to create lesions, but
rather interacts directly with the mismatch repair sys-
tem itself. It will be interesting to see if other muta-
gens will be found that inactivate specific repair systems
directly.

Repair System Facilitated
Mutagenesis

We can now document some cases of repair systems
that actually accelerate the rates of certain mutations as
a consequence of their activities. For example, normally,
oxidized GTP is hydrolyzed to GMP by the MutT re-
pair protein. In the absence of MutT, 8-OxodG gets in-
corporated across from A, and the action of the MutY
glcoslase is primarily responsible for generating muta-
tions by removing the A, allowing repair synthesis to
restore a C across from the 8-0xodG, and permitting
the MutM glycosylase to remove the 8-oxodG. This
results in the original A:T base pair being converted
through these steps to a C:G base pair. Strains with in-
creased MutY activity have higher A:T — C:G rates in
MutT-deficient backgrounds (Vidmar & Cupples, 1993),
and those with inactive MutY have sharply reduced
A:T — C:G mutations in MutT-deficient backgrounds
(Vidmar & Cupples, 1993; Fowler et al., 2003). Another
example of the MutY repair protein actually facilitating
mutations is depicted in Figures 18 and 19 (Kim et al.,
2003). Because a minor activity of MutY is to remove
A from A:C mispairs (Radicella ez al., 1988; Michaels
et al.,1992), MutY competes with the mismatch repair
system to resolve A:C mispairs. As Figure 18 shows,
when the A:C mispair is derived from an A:T base pair,
MutY will create a mutation if it removes the A, since
repair synthesis will restore a G across from the C, thus
converting an A:T base pair to a G:C base pair. Figure 19
shows how pronounced this effect can be. Here, A:T —
G:C transitions at a hotspot site is measured in an NDK
(nucleotide diphosphate kinase) deficient strain (black
peaks), that has increased A:C mispairing. In a MutY-
deficient derivative of this strain, the mutations at this
site are virtually eliminated (Kim ez al., 2004), showing
that MutY is creating these mutations by resolving the
A:C mispairs (Figure 18).

J. H. Miller
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FIGURE 18 Competition between the MutY protein and the
MutHLS MMR system. Left side: Misreplication at an A:T base
pair leads to an A:C mispair that is corrected by the MutHLS MMR
system but converted to a G:C pair by MutY. Right side: Misrepli-
cation at a G:C base pair leads to an A:C mispair that is converted
back to a G:C pair by both MutY and the MMR system. (From Kim
et al., 2003.)

Reverse Transcriptase-Tropism
Switching

Retroelements, which include retroviruses, are ge-
netic elements that utilize reverse transcriptase (RT) to
act on an RNA intermediate during their replication
cycle (Doolittle ez al., 1989; Xiong & Eickbush, 1990).
However, reverse transcription is a highly error-prone
process (see Gabriel ez al., 1996, and references therein).
As a result, retroviruses generate variants at a relatively
high rate. This leads, on the one hand, to more fre-
quent resistance to host immune defenses and antivi-
ral drugs, such as seen in HIV e.g., Ritola e al., 2004),
but on the other hand, to more rapid mutational decay
(Villesen et al., 2004). Thus, human endogenous retro-
viruses (HERVs), which comprise 1.1% of the human
genome, contain mostly degenerate coding sequences
(Villesen ez al., 2004). Because deleterious mutations are
much more frequent than beneficial mutations, strate-
gies involving reverse transcriptase need to be directed
to those segments of genes in which hypermutability
is beneficial, in analogy to the action of AID on im-
munoglobulin genes. Bordetella bacteriophages use just
such a directed mechanism for increasing mutagene-
sis in a specific region of the gene encoding part of
the phage tail fiber (Liu ez al., 2002; Doulatou et al.,
2004). This strategy involves having a copy of the gene
segment replicated by reverse transcriptase in an error-
prone manner, before the assembly of the tail fiber gene.
For phage Bpp-1, this ensures the generation of diversity
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FIGURE 19 Comparative mutation frequencies in ndk and ndk mutY strains. The frequencies of mutations in the rpoB gene at five
different sites are shown for both ndk (white bars) and ndk mutY (black bars) backgrounds. (From Kim et al., 2003.)

in the gene specifying host tropism, without extensive
mutagnesis in the rest of the phage genome. Figure 20
diagrams the sequence of events that allows the def-
inition of a type of diversity generating retroelement
(DGR) consisting of a donor template (TR), a recipient
of variable seugneces (VR), and a reverse transcriptase
encoding gene (RT) that combine to effect “mutagenic
homing” (Doulatov ez al., 2004). This type of mecha-
nism may be widespread, since there appear to be a
large number of related elements in many different bac-
teria, including Nostoc and Trichodesmium species and
cyanobacterial species, as well as prophage in Bordetella
and Vibrio harveyi (Doulatov ez al., 2004). Interestingly,
only A residues are mutated. However, there are 23 A
residues in the TR sequence, giving an enormous num-
ber of possible mutated VR sequences.

Alternating Repair States
of Selected Populations

Selection for fitter cells happens throughout growth
and can sometimes lead to mutators overtaking a popu-
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lation, since mutators have higher rates of mutation and
subpopulations of mutators have higher frequencies of
fitter cells. The stronger the selection, the more rapid is
the conversion of a population to all mutators. Figure 21
illustrates an experiment showing how the successive se-
lection for antibiotic resistance to two different antibi-
otics and a nutritional marker can convert a population
of bacteria to all mutators, in this case mutS, mutH, or
mutL (Mao et al., 1997), extending earlier work by sev-
eral groups (Nestman & Hill, 1973; Cox & Gibson, 1974;
Chao & Cox, 1983; see also Taddel ez al., 1997a, b, and
Giraud ez al., 2001). When cultures are grown for a very
large number of generations in a single media, then
a proportion of them (3 of 12) become mutator after
several thousand generations (Sniegowski et al., 1997),
in response to the weaker but still existing selection
for fitter mutants. Yet, continuous growth as a muta-
tor can be counterproductive for a population, since
deleterious mutations accumulate (see Funchain ez 4l.,
2000; Giraud ez al., 2001). Thus, in the absence of selec-
tion, non-mutator subpopulations tend to be favored.
In fact, the mutS gene in E. coli can be seen as a mosaic

Perspective on Mutagenesis and Repair

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

Tail-fibre gene

- «

RT gene

Reverse transcription
of TR

Mutation

)

75—

Mutated TR
replaces VR

-

Rapid adaptation
of tail-fibre protein

FIGURE 20 Generating diversity with reverse transcriptase. Top: Bacteriophage BPP-1, a virus that attacks bacteria of the Bordetella
genus, uses a reverse transcriptase (RT) that copies part of the tail-fibre gene, encoded by the VR and the nearly identical TR segments..
The RT copies the TR segment, itself an invariant source of sequence information, and the frequently mutated copies are then inserted in
place of the VR segment. Figure adapted from Boeke, 2004, based on the work of Doulatov et al., 2004.

of segments derived from different mutS genes acquired
through rounds of horizontal transfer and recombina-
tion (Denamur ez al., 2000). Here, horizontal transfer is
increased in mutS or mutL cells (Rayssiguier ez al., 1989;
Worth et al., 1994), thus selecting for mismatch repair-
deficient cells (see Funchain et 4l., 2001), yet ultimately
growth of the population benefits from mismatch repair
proficient cells. The alternating requirements over time
produce different states of mutS that leave footprints
(Denamur et al., 2000).

Potential New Additions

Multi-Drug Resistance Pumps

Interestingly, overexpression of the E. coli emrR gene,
which encodes a regulatory protein for a multi-drug
resistance pump, leads to a mutagenic response (Yang
etal., 2004), as does overexpression in E. coli of the Pseu-
domonas aeruginosa nfxB gene, encoding a P. aeruginosa
multidrug resistance pump (Grabovsky ez /., 2005). In
both cases, the mutagenic spectrum suggests replication
errors that partially saturate the mismatch repair system.

J. H. Miller

One intriguing possibility is that the failure to synthe-
size several multi-drug resistance pumps, a consequence
of overproduction of a common repressor, prevents the
elimination of mutagenic intermediates generated in
the normal biosynthesis and metabolism of purines and
pyrimidines. At some critical concentration, these com-
pounds might act as base analog mutagens. There are
indications that some of the efflux protein pumps may
have evolved to reduce toxic levels of metabolic in-
termediates (Burkovski & Kramer, 2002; Helling ez 4l.,
2002; Van Dyk ez al., 2004).

Translesion Synthesis by RNA Polymerases:
Retromutagenesis

When RNA polymerase transcribes across lesions
that have stalled replication, altered mRNAs can be
generated, a situation termed “transcriptional mutage-
nesis” (Doetsch, 1999; Brégeon et al., 2003; reviewed
in Doetsch, 2002). These mRNAs can continue to be
produced in non-dividing cells. If the resulting altered
mRNA or protein confers a growth advantage that
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FIGURE 21 The increase in the percentage of mutators in a population of cells undergoing selection. Lac~ cells of strain CC107,
containing a frameshift mutation in /acZ, are mutagenized with 2AP and are spread onto broth (LB) plates. After overnight growth, the
confluent lawn is replicated onto medium with rifampicin, and the grown up resistant mutants are then replicated onto medium with
nalidixic acid. The mutants resistant to this antibiotic are then replicated onto lactose minimal medium on which only the Lac™ revertants

can grow. Mutators are monitored at each stage. From Mao et al., 1997.

stimulates those cells to start growing, the mutation
could be fixed during the first round of replication, pro-
vided the DNA lesion also provoked DNA polymerase
to make the same base substitution during DNA replica-
tion that RNA polymerase made during transcriptional
bypass. This would generate a clone of mutants that
proliferated as an ultimate result of transcriptional mu-
tagenesis, thus the name retromutagenesis (see Doetsch,
2002, for further details). This type of mechanism has
been invoked for starvation-induced mutagenesis (see
Bridges, 1994, 1995, 1996).

MUTATION AND CANCER

Cancer involves perturbation of the control of cellu-
lar division and the cell cycle (see reviews by Massagué,
2004; Kastan & Bartek, 2004), often by activating onco-
genes and by disabling tumor suppressor genes (re-
viewed in Lowe ezal., 2004), and allowing the generation
of cancer stem cells (reviewed in Beachy et al., 2004). Is
there a single cause of all cancers? Several recent arti-
cles consider this question (Marx, 2002; Gibbs, 2003).
Much research has focused on the role of mutation
and repair in carcinogenesis. The finding that hereditary
nonpolyposis colorectal cancer (HNPCC) results from
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inheriting one defective copy of one of several genes
involved in mismatch repair stimulated a lot of work in
this area (Fishel ez al., 1993; Bhattacharyna et al., 1994;
Papadopoulos ez al., 1994; Fishel & Kolodner, 1995). It
also revived interest in the “mutator” hypothesis (Loeb,
1991,2001, see commentary by Fishel, 2001, and review
by Loeb ez al., 2003), that predicts that in order to alter
the necessary genes involved in each step toward cancer
(now estimated at 5 to 6; see Hahn & Weinberg, 2002), a
higher mutation rate is needed. Together with clonal se-
lection for cells with growth advantages (Nowel, 1976;
Fishel, 2001), this idea seemed attractive as an expla-
nation for many cancers. However, challenges to this
notion come from several directions. On the one hand,
as Cairns and others have pointed out, simple mutation
cannot explain the origin of the vast majority of can-
cers (Cairns, 1998, 2002; Thilly, 2003). Rather, it is ar-
gued that most cancers result from a stimulation of cell
proliferation, allowing the expression of mutations that
have accumulated. On the other hand, many cancers
have chromosomal abnormalities and changes in num-
ber, or aneuploidy. This has led to theories that either
the key early events in cancer are mutations (or epige-
netic gene silencing; see Klein, 2005) that affect “master
genes” controlling cell division and subsequently result
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in chromosmomal abnormalities (Lengauer ez al., 1998;
reviewed in Maser et al., 2002), or that aneuploidy itself
is the key early event (Li ez al., 1998; Duesberg et al.,
1999; reviewed in Rajagopolan & Lengauer, 2004).

Clearly, some cancers do arise from direct mutage-
nesis, such as UV induced skin cancers (Brash et al.,
1991), aflatoxin Bl-induced liver cancers (Bressac ez al.,
1991), or from unrepaired endogenous DNA dam-
age, such as those cancers arising from deficiencies in
MutY(MYH)-mediated repair of oxidative damage (Al-
Tassan et al., 2002; Jones et al., 2002), or the example
of HNPCC cited above. But these may be the excep-
tion rather than the rule (Cairns, 1998, 2002). Still, un-
covering mutagenic pathways is crucial to understand-
ing routes to carcinogenesis, whether these mechanisms
lead to a slow accumulation of mutations that are man-
ifested only during cell proliferation, or whether they
result in more direct mutagenesis that affects tumor
suppressor genes, oncogenes, or triggers chromosomal
abnormalities.

OVERALL PERSPECTIVE AND
CONCLUSIONS

As investigators, we look at mutagenesis and repair
through a type of experimental prism, separating out
each component of the process into defined, simple
pathways. However, we find that reconstructing the to-
tal blueprint for mutagenesis and repair from our simple
analyses remains elusive. We seek different perspectives
to give us more viewpoints. Here, we have considered a
standard or conventional model with deviations from
the model seen as alternative pathways. Figure 1 to 4 and
Table 1 summarize the standard model of mutagenesis
and repair, and Figures 5 to 21 represent in schematic
form the alternative modes of mutagenesis described
above. Considering all of these modes, we can see how
dynamic the equilibrium is between mutagenesis and
avoidance of mutagenesis. Also, this examination helps
to define an emerging paradigm, originally suggested
by some of the earlier work reviewed here. There are
times and places (specific loci) when specific mutage-
nesis is desired. In some cases, enzyme systems create
mutations in defined genes or portions of genes, such
as the segments encoding the hypervariable regions of
antibodies, and those encoding certain phage tail fibers
or bacterial surface antigens (tropism switching). Some-
times gene conversion is used to create variation in a
portion of a gene. Some genes have mutation prone se-
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quences built in to increase variability, as is found for
segments of certain genes encoding parts of surface anti-
gens, so-called contingency loci. Under stress, cells or
subpopulations of cells. may experience increased mu-
tagenesis to allow either the bypass of replication blocks
or the selection of new variants. On the other hand,
mutation avoidance and repair systems are essential for
preventing unwanted mutagenesis, providing just the
right balance of forces.

Mutation and recombination are often seen as part
of the basic set of tools that drive evolution (e.g.
see reviewed in Radman ez al., 2000), along with mo-
bile elements that in some cases constitute a signifi-
cant fraction of genomes (reviewed in Kazazian, 2004)
and contribute to the evolution of antibiotic resistance
cassettes (reviewed in Maizel, 2004). Supplementing
these mechanisms is horizontal transfer (see volume
by Bushman, 2002), which some argue is a major con-
tributor to genome evolution (Brown, 2003; Doolittle,
1999; Ochman et al., 2000; Koonin, 2003; Lawrence &
Hendrickson, 2003), although others caution about the
pitfalls in attributing the origin of portions of genomes
to horizontal gene transfer (Eisen & Fraser, 2003). Al-
ternatively, the combination of symbiosis, cooperation,
and the acquisition of genomes has been suggested as
the major force driving evolution (Margulis & Sagan,
2002).

What role does the set of alternate mechanisms de-
scribed in this review play in evolution? Clearly, the
enzymatic stimulation of mutations affecting antibody
hypervariable regions and tropism switching are pro-
grammed mechanisms for increasing diversity, as are the
DNA sequenced-programmed contingency loci. Also,
subpopulations of mutators can be dramatically in-
creased in response to selection for specific mutants,
because of their greater propensity to create favorable
variants. But what about more general increases in mu-
tation level such as seen in the induction of SOS or of
other stress responses such as adaptive mutagenesis? It
has been argued that the extra mutations, seen for ex-
ample after induction of the SOS system, are involved
in driving evolution (e.g., Radman, 1999; Radman ez 4l.,
2000), although it is not certain that these mutations are
not simply the unwanted consequences of replication
bypass of a blocking lesion, namely, the price to pay for
survival in dire circumstances.

Remarkably, most of what we know about mutagen-
esis and repair comes from the study of only a few well-
characterized organisms. As genomics and related fields
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allow us to examine mutational pathways and avoid-
ance mechanisms in microorganisms living in different
and sometimes extreme environments, we will no doubt
encounter many new phenomena. Perhaps, we shall de-
scribe these findings as Howard Carter did when he
discovered Tutankhamun’s tomb (Carter, 1922). When
asked by his co-excavators, “Can you see anything?” He
replied, “Yes, wonderful things.”
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