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Base-excision repair of oxidative

DNA damage

Sheila S. David', Valerie L. O'Shea? & Sucharita Kundu?

Maintaining the chemical integrity of DNA in the face of assault by oxidizing agents is a constant challenge
for living organisms. Base-excision repair has an important role in preventing mutations associated with a
common product of oxidative damage to DNA, 8-oxoguanine. Recent structural studies have shown that
8-oxoguanine DNA glycosylases use an intricate series of steps to locate and excise 8-oxoguanine lesions
efficiently against a high background of undamaged bases. The importance of preventing mutations
associated with 8-oxoguanine is shown by a direct association between defects in the DNA glycosylase
MUTYH and colorectal cancer. The properties of other guanine oxidation products and the associated DNA
glycosylases that remove them are now also being revealed.

The specific pairing of DNA bases — A with T and G with C — is cru-
cial for preserving the information content of the genome. However, the
structural properties of DNA bases, and therefore their pairing prop-
erties, are often modified by reactions with environmental toxins (for
example, ultraviolet radiation and cigarette smoke) and endogenous
metabolic products or by-products (for example, S-adenosylmethio-
nine and hydroxyl radicals)' . Over three decades ago, armed with
the knowledge that cytosine was readily deaminated to yield uracil,
T. Lindahl searched for bacterial enzymes that mediated the repair of
uracil and discovered uracil DNA glycosylase (as discussed in ref. 4).
This enzyme catalyses the removal of uracil from DNA, the first step of
the base-excision repair (BER) pathway” . We now know that there are
many DNA glycosylases that specifically recognize and excise abnor-
mal DNA bases. After the base has been removed, other enzymes are
recruited to excise the remaining sugar fragments and to reinstall an
undamaged nucleotide, thereby repairing the damaged base site®.

Recent studies have propelled the DNA-damage-specific glycosylases
into the limelight. Structural, biophysical and biochemical approaches
have provided exquisite insight into the remarkable process by which
these enzymes locate damaged bases in the context of a large excess of
normal DNA. Genetic studies have revealed direct correlations between
defects in the repair of damaged bases and human disease. And sophis-
ticated analytical and chemical approaches have identified new base
lesions and their associated glycosylases. Here, we highlight the BER
of guanine oxidation products (Fig. 1) and illustrate notable features of
the chemistry, structural biology and clinical aspects of these repair
pathways.

The special problem of 8-oxoguanine

The production of reactive oxygen species (ROS), such as hydrogen
peroxide, superoxide and hydroxyl radicals, has been linked to the
initiation and progression of cancer’. ROS are by-products of cellular
respiration and components of inflammatory responses. In addition,
ROS can be produced as a consequence of ionizing radiation or envi-
ronmental exposure to transition metals, chemical oxidants and free
radicals. Normal cells have enzymatic and non-enzymatic mechanisms
to counter the production of ROS. But aberrantly functioning cells
are often in a state of ‘oxidative stress, in which the balance between

oxidants and antioxidants has been disrupted, resulting in increased
levels of cellular damage.

DNA bases are particularly susceptible to oxidation mediated by
ROS". The low redox potential of guanine makes this base particularly
vulnerable and leads to a plethora of oxidized guanine products'". The
most thoroughly examined guanine oxidation product is 7,8-dihydro-
8-oxoguanine (also known as 8-oxoguanine; 8-0xoG)'""; the presence
of 8-0x0G is often used as a cellular biomarker to indicate the extent of
oxidative stress’. The 8-0x0G lesion is particularly deleterious because
of its two-atom change from G (the introduction of an oxo group on
the carbon at position 8 (C8) and an hydrogen atom on the nitrogen
at position 7 (N7)) and because of its ability to mimic T functionally in
the syn conformation, forming a stable 8-oxoG(syn)eA (anti) base pair
(Fig. 2a). In contrast to many other types of DNA damage, these struc-
tural features allow efficient, although inaccurate, bypass of 8-oxoG by
replicative DNA polymerases™. A series of X-ray crystal structures of a
DNA polymerase I fragment (BF) from Bacillus stearothermophilus (also
known as Geobacillus stearothermophilus) illustrated the consequences
of 8-0x0G presence in the template before insertion of dAMP or dCMP,
after insertion, and after extension beyond 8-0xoGeA and 8-0x0G«C
base pairs"’. A comparison of these structures with those containing
DNA mismatches showed that inaccurate bypass of 8-0xoG results
from the ability of the 8-0x0G(syn)eA(anti) base pair to mimic a nor-
mal base pair when processed by BE. By contrast, the formation of an
8-0x0G(anti)eC(anti) base pair during replication induces template
and polymerase distortions similar to those seen when the active site of
DNA polymerase encounters mismatches. The structural data provide
a molecular rationale for both the more facile insertion of A than C
opposite 8-0x0G and the lack of error detection by replicative DNA
polymerases after this insertion.

Failure to remove 8-0x0G before replication results in G-to-T
transversion mutations'’. Repair pathways in all organisms are tail-
ored to deal with the special features of 8-0xoG and to mitigate its
high mutagenic potential. The MutT, MutM (also known as Fpg) and
MutY enzymes in bacteria'* and the corresponding human enzymes’,
MTHI1, OGG1 and MUTYH (formerly hMYH), constitute the 8-oxoG
repair pathway (also known as the GO repair pathway) (Fig. 1). MutT
(or MTHI) hydrolyses 8-oxo-dGTP, removing it from the nucleotide
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Figure 1| Short-patch BER pathway for 8-0x0G. The presence of 8-0x0G
(O) in DNA causes G-to-T transversions, as illustrated in the central
pathway. The human DNA glycosylases OGG1 and MUTYH are involved
in excision of bases from the DNA. OGG1 removes 8-0x0G from 8-0x0G+C
base pairs, and MUTYH removes A from 8-0xoGeA base pairs, both
generating AP sites in the DNA. The corresponding bacterial enzymes
are MutM and MutY. The steps labelled ‘repair’ summarize the actions of
AP endonuclease, deoxyribophosphate lyase, DNA polymerase and DNA
ligase. Notably, OGGI1 also has AP lyase activity. MutT and its human
homologue MTHI (not shown) have an important role in preventing the
incorporation of 8-0x0G, through hydrolysis of free 8-oxo-dGTP.

pool so that it cannot be incorporated into DNA by polymerases. The
BER glycosylase MutM (OGG1) excises 8-0x0G from the 8-0x0G«C
base pair so that subsequent processing by other enzymes in the BER
pathway can restore the GeC base pair. However, if this does not occur,
and replication takes place, then the DNA glycosylase MutY (MUTYH)
intercepts the resultant 8-0xoGe A base pair and removes the inappro-
priate A. Subsequent processing of the apurinic/apyrimidinic (AP) site,
followed by replication by a repair polymerase, provides an opportu-
nity to create an 8-oxoGeC substrate for the 8-oxoG DNA glycosylase,
MutM (OGG1). Notably, structural studies of the eukaryotic repair
polymerase-p with 8-0xoG-containing templates have shown that the
active site of this polymerase more easily accommodates 8-0x0GeC
base pairs than 8-0xoGeA mismatches"”. This specificity is exactly
the opposite of the results obtained with the bacterial polymerase BE.
Moreover, this structural information explains the higher propensity of
polymerase-p to insert dCTP over dATP opposite 8-0x0G, a property
that is required of this repair polymerase to prevent futile cycles of repair
and replication”.

Seeking and removing 8-0xo0G lesions

Recognition of 8-0xoG lesions by 0GG1

In eukaryotic nuclear DNA, it has been estimated that there are sev-
eral 8-0x0G bases per 10° guanine bases'’. This low frequency and the
similarity in structure of 8-0xoG and G make it a formidable challenge
for 8-0x0G DNA glycosylases to find 8-0xoG lesions among a huge
number of undamaged bases. Other BER glycosylases, such as uracil
DNA glycosylase and MutY (MUTYH), also need to distinguish rela-
tively minor perturbations from the normal DNA bases or base pairs.
Structural and biophysical studies of many DNA glycosylases bound to
their relevant substrate duplexes have revealed common themes in lesion
recognition, including enzyme-initiated DNA bending, disruption of
the base pair, extrusion of the damaged nucleotide from the interior
of the DNA helix, and placement of the target base into a base-specific
enzyme pocket'”*". This enzyme-driven process is often referred to as
‘base flipping’ but might be described more accurately as ‘nucleotide
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flipping), because the entire nucleotide is rotated out of the helix to

accommodate the base in the base-specific pocket™. The molecular
‘gymnastics’ mediated by the DNA-damage-specific glycosylases have
been described as a routine involving specific ‘pinch—push-plug-pull’
steps'”*®. On encountering a specific DNA lesion, the DNA-damage-
specific glycosylase induces bending and distortion of the DNA double
helix, constituting the ‘pinch’ This step, as well as a ‘push’ of the target
base out of the helix, is facilitated by intercalation of a glycosylase amino-
acid side chain into the DNA helix. The same or another intercalating
amino acid functions as a ‘plug’ to fill the position of the extruded base
and stabilize the contortion of the DNA duplex. A ‘pull’ by active-site
residues specific for the relevant target base secures it into the recogni-
tion and clipping pocket.

These general features used for lesion recognition are well illustrated
by the X-ray crystal structure of a catalytically inactive variant of OGG1
(in which the lysine residue at position 249 is replaced by a glutamine res-
idue; Lys249GIn) bound to a substrate duplex containing an 8-0x0GeC
base pair®. This variant of OGGI retains high-affinity binding to an
8-0x0Ge¢C-containing duplex but cannot excise 8-0xoG because of the
mutation of Lys 249, which participates in catalysis of the base-displace-
ment reaction. Such enzyme complexes with a lesion-containing DNA
substrate are referred to as lesion-recognition complexes (LRCs). In the
X-ray crystal structure of the LRC described above, the 8-0x0G+C base
pair has been disrupted, and the 8-0x0G nucleotide has been rotated
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Figure 2 | Structures of 8-oxoG-containing base pairs and of several
nucleosides of guanine oxidation products. a, The structures of the base
pairs GeC and T+ A are compared with those of 8-0x0G+C and 8-0x0GeA.
8-0x0G differs from G by an oxo group at C8 and an NH at N7. This subtle
change allows 8-0x0G to base-pair easily with either C or A. b, A large
number of guanine oxidation products have been observed'’. Here, we
focus on the hydantoin lesions: Gh and Sp. The structures of these lesions
resemble 8-0x0G and FapyG in retaining hydrogen-bonding functionality
(red) that can mimic T.
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to place the attached base within an 8-oxoG-specific pocket (Figs 3
and 4a). Although OGG1 makes many specific contacts with both the
extrahelical 8-0x0G and the orphaned C, only one hydrogen-bonding
contact would not be possible with G. This crucial hydrogen bond is
between the carbonyl oxygen of Gly 42 of OGG1 and the hydrogen at
N7 of 8-0x0G. With G instead of 8-0x0G, not only would such a hydro-
gen bond be absent, but there would also be unfavourable repulsion
between the carbonyl oxygen and the lone pair at N7. It seems unlikely
that specificity for 8-0xoG over G would be due to a single hydrogen
bond, so the mechanism for discrimination between these two bases is
probably much more complex.

Revealing encounters of 0GG1with G.C base pairs

Understanding the strategy used by OGG1 to discriminate between
8-0x0GeC and Ge«C required a structural glimpse of OGG1 encounter-
ing a GeC base pair. Because these enzymes do not recognize undam-
aged GeC base pairs, such an encounter is necessarily transient. For
this reason, Verdine and co-workers used an innovative covalent
trapping method to secure OGGI in proximity to a GeC base pair®.
Using the X-ray crystal structure of the OGG1 LRC as a guide™, a
cysteine residue was installed at position 149 of the enzyme (in place
of asparagine), and a single thiol-modified-base-containing nucleotide
was positioned within the DNA duplex such that a disulphide crosslink
would be formed when OGG1 encountered the targeted GeC base pair.
The remarkable structure™ revealed that even though G is forcibly
presented to the enzyme, it does not gain access to the 8-0xoG site but
is lodged within an alternative, peripheral, ‘exo’ site (Fig. 4b). Calcu-
lations of differences in free energy indicate that favourable 8-0xoG
interactions and unfavourable G interactions in both the active and exo
sites result in the 10°-fold preference for 8-0xoG over G. Quantum cal-
culations also show that the 8-0x0G and G bases have local dipoles that
have opposite orientations as a result of the charge inversion at C8 and
N7. The active site of OGG1 has a complementary dipole for 8-oxoG
created by a Lys-249-NH," and Cys-253-S™ amino-acid pair within
the active site (Fig. 3). Indeed, the contribution of this dipole-dipole
interaction to recognition is calculated to be greater than the contri-
bution of the single hydrogen bond to NH7 of 8-0xoG. However, the
importance of the specific hydrogen bond to 8-0xoG was shown by
replacing Gly 42 with alanine and carrying out structural analysis of
the resultant complexes using the disulphide-crosslink approach with
8-0x0G or G presented to the enzyme™. Surprisingly, in all of the struc-
tures examined, the backbone conformation at position 42 remains
identical to that in the LRC (Fig. 3), even though the alanine substitu-
tion is energetically unfavourable as a result of the steric demands of
the side-chain methyl group. These structures show the role of the
surrounding protein in ‘hard-wiring’ the conformation of Gly 42 to
preserve the ability of OGGI to recognize 8-0xoG and effectively reject
G from the active site™.

The presence of the exo base-binding site, and the calculations show-
ing preferences for binding to 8-oxoG at both base-binding sites, suggest
that the damaged base is extracted from the duplex by OGGL in discrete
steps: an initial step involves placement into the exo site, and a final step
involves engagement in the active-site pocket. The use of a multistep
base-excision process allows many opportunities to check the identity
of the base before its excision. In the case of OGG1, only 8-0x0G has the
proper ‘credentials’ to make it through all of the checkpoints.

Additional intermediates in the 8-0x0G repair pathway

A later intermediate in the 8-0x0G recognition and excision process was
revealed recently by structural analysis of several constructs containing
a mutation (GIn315Phe) in OGGI that enlarges a side chain to occlude
the active-site pocket™ (Fig. 3). Notably, in one structure, the 8-0x0G
lesion is almost completely inserted into the active-site pocket; however,
the 8-0xoG base is not clipped out of the DNA by this mutated enzyme.
This demonstrates another level of quality control, requiring perfect
geometric alignment of the base within the specificity pocket to attain
the proper transition state for base cleavage.

The disulphide-crosslink approach also provided a fortuitous struc-
ture of OGGI ‘interrogating’ a GeC base pair located adjacent to an
8-0x0G+C base pair in a DNA duplex” (Fig. 4c). This structure reveals
how 8-0xoG might first be detected by OGG1 during the evaluation of
the neighbouring base pair. The overall structure is similar to the LRCs
and the interrogation complex with the GeC base pair discussed earlier.
The target G, however, is destacked from the helix, but it does not reside
at the exo site. Instead, the target G is folded back into the major groove
and forms an unusual triple hydrogen-bonding interaction with the
major groove face of the neighbouring 8-0xoG. The altered mode of
examination of G in the vicinity of 8-0xoG seems to be associated with
severely repulsive steric and electrostatic ‘clashes’ with the phosphate
backbone as a result of the presence of the 8-oxo group of 8-0x0G. The
altered backbone conformations do not allow complete presentation of
the G to the exo site, thus favouring the folded-in conformation that is
further stabilized by hydrogen bonding with 8-0x0G. The authors of this
study, Banerjee and Verdine, noted that such base-phosphate clashes
only occur as a result of the remodelling of the duplex by OGGL (ref. 25).
Thus, the active role of the DNA glycosylase in probing and altering the
duplex is a key feature of the mechanism for detecting subtle alterations
in the base structure.

Intrahelical interrogation of normal base pairs

The structures described here indicate that GeC base pairs might be
paid special attention by OGG1. But does OGGI scrutinize normal
base pairs by removing one of the bases from the helix? Such a process
would seem to be energetically costly and inefficient. To explore fur-
ther the interrogation process used by 8-oxoG DNA glycosylases, the
disulphide-crosslink approach was used to generate several structures
of B. stearothermophilus MutM (which is functionally similar to OGG1)
tethered to normal DNA in proximity to both an A«T and a GeC base
pair’® (Fig. 4d—f). In these structures, the normal bases are not extruded
from the helix, suggesting that MutM initially locates 8-0xoG lesions
by intrahelical interrogation. Indeed, the side chain of a phenylalanine
residue (Phe 114) was found to be wedged into the helix from the minor
groove above the A«T or G+C base pair. This invasion by Phe 114 results
in severe bending of the DNA and buckling of the base pair. In addition,
two other amino-acid residues (Arg 112 and Met 77) that take the place

0GG1

Figure 3 | Recognition of 8-oxoG by OGG1 observed in the LRC of 0GG1 with
8-0x0G+C-containing duplexes. This is a view of the base-specific pocket

of OGG1, showing residues involved in the recognition of 8-0xoG. DNA

is shown in gold, with the OGG1 backbone in light grey and coordinating
water molecules in red. Residues that are important for recognition are
shown as follows: orange (Gly 42), purple (Lys 249), yellow (Cys 253), green
(Asp 268), brown (GIn 315) and dark grey (Phe 319). Hydrogen bonds are
shown as dashed lines. An 8-0xoG-specific hydrogen bond between NH7
and the carbonyl of Gly 42 provides specificity for 8-oxoG over G.

In addition, the dipole (crossed arrow) that is associated with the

Lys 249-Cys 253 pair makes favourable dipole-dipole interactions with
8-0x0G but not with G. Image generated from pdb file IEBM from the
Worldwide Protein Data Bank, based on data from ref. 22.
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of the flipped-out 8-0xoG base in the corresponding LRC” are drawn
back, as though they are waiting to lunge in when space has been cre-
ated. The overall structure of these non-specific complexes is similar to
that of the LRC, except that many contacts between the enzyme and the
DNA are water-mediated rather than direct. This might allow a looser
association with the DNA, facilitating movement along the helix. Inter-
estingly, despite using the disulphide-crosslink strategy, it was difficult
to trap a complex in which MutM was interrogating a GeC base pair;
indeed, the protein seemed to avoid interrogating GeC base pairs. To
obtain the desired structure, the DNA sequence was altered so that a
string solely consisting of GeC base pairs was presented to the enzyme.
Taken together, the various structures indicate that Phe 114 is a sensor
of the stability and/or deformability of the target base pair. The authors,
Banerjee et al., suggest that although an 8-0x0GeC base pair is only
slightly less stable than an AT base pair, the non-standard properties
of this base pair might render it unable to withstand the insertion of
Phe 114 of MutM?™. After the base pair has been disrupted, the liberated
8-0x0G would then be captured by the active site of MutM.

A redundant search of the genome for 8-0xo0G lesions

It might be expected that such a search process would not be extremely
precise; therefore, Banerjee et al. suggest that DNA glycosylases might
compensate for this imprecision by being extremely fast, allowing

repeated opportunities to find a damaged base®. This fast search pro-
cess was visualized recently using single-molecule detection to track
OGGI1 movements along a normal DNA duplex®®. In these studies,
OGG1 was found to move along the DNA with a diffusion constant
approaching the theoretical upper limit for one-dimensional diffu-
sion, indicating that OGG1 samples millions of base pairs per second.
On the basis of these measurements, the estimated barrier to sliding is
extremely small (0.5 kcal mol ™). The smaller barrier and the observed
unbiased random movement of OGG1 on DNA suggest that OGG1
rapidly searches along DNA as a consequence of brownian motion.
Effects on the measured diffusion constants as a result of mutation of
His 270, which is located at the DNA-binding interface**, and pH
suggest that the DNA-protein interface has been optimized to allow
fast enzyme sliding.

Taken together, a scheme of the events involved in the search for
8-0x0G lesions by OGG1 or MutM can be proposed from the results
of these studies (Fig. 5). First, the 8-oxoG DNA glycosylase moves rap-
idly along the helix, inserting the probe ligand (for example, Phe 114
in MutM) into the helix to look for vulnerable sites. Intercalation of an
amino-acid residue of the enzyme at a normal base pair merely buckles
the base pair; however, it can be envisaged that such a probing event
could disrupt an abnormal base pair such as 8-0x0GeC. Such a search
process would be extremely fast, so an 8-0xoG base might be missed

Figure 4 | The LRCs of O0GG1and MutM with non-specific complexes
(normal base pairs). In all structures, the protein backbone is shown as a
dark grey ribbon, and the DNA is in gold. In a-¢, important amino-acid
side chains are shown in orange (Gly 42), dark pink (Asn 149 or Cys 149),
light purple (Arg 154), dark purple (Tyr 203), light blue (Arg 204), yellow
(His 270), brown (GIn 315) and black (Phe 319). a, OGG1 LRC with
8-0x0GeC-containing DNA. 8-0x0G is shown in red, and the estranged C
in green. b, OGG1 interrogating a GeC base pair. The target G in shown
in light pink, and the target C in green. (Arg 154 is not shown.) ¢, OGG1
interrogating a GeC base pair adjacent to an 8-0x0G lesion. 8-0x0G is
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shown in red, the target G in light pink, and the target C in green. In d-f,
the intercalating residue, Phe 114, is shown in dark pink, and Met 77 and
Arg 112 are in light blue and dark purple, respectively. d, MutM LRC with
8-0x0G+C-containing DNA. 8-0x0G is shown in red, and the estranged C
in green. e, MutM interrogating a GeC base pair. The target G is shown in
red, and the target C in green. f, MutM interrogating an AT base pair. The
target A is shown in red, and the target T in green. Images generated from
pdb files from the Worldwide Protein Data Bank, based on data from the
following: ref. 22, file 1IEBM (a), ref. 23, file 1YQK (b), ref. 25, file 2I5W (c),
ref. 27, file 1R2Y (d), ref. 26, file 2F50 (e) and ref. 26, file 2F5N (f).
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sometimes. But this might be preferable to wasting time interrogating
undamaged DNA. This fast, random and redundant process would
provide many opportunities to find 8-oxoG. After the 8-0xoG has been
partly expelled from the helix, it is captured by the exo site and passed
quickly to the 8-oxoG-specific active site. Occasionally, a G might be
displaced from the helix; however, it would be intercepted in the exo
base-binding site and would not proceed to the 8-oxoG-specific pocket;
instead, it would be placed back in the helix. Moreover, if a G adjacent
to 8-0x0G is interrogated, it does not fully dislodge from the helix, thus
allowing the 8-0xoG DNA glycosylase to home in more rapidly on the
adjacent 8-0x0G lesion. Structural and biophysical studies suggest other
DNA glycosylases probably operate by similar mechanisms'®*. Indeed,
some damaged bases might be expelled more readily from the helix or
be distinguished more readily from their normal counterparts, making
such a search process more streamlined.

Recognition of 8-oxoG«A mismatches by MutY and MUTYH

The partners for MutM and OGG1 in the 8-0xo0G repair pathway, MutY
and MUTYH, also need to recognize 8-0xoG precisely, for selective
removal of only the A bases present in 8-0xoGeA mismatches. MutY
has a special carboxy-terminal domain that is not found in other BER
glycosylases, and this domain has an important role in the recognition
of 8-0x0G™ . In the X-ray crystal structure of an inactive variant
(Asp144Asn) of B. stearothermophilus MutY™, there are a plethora of
contacts with 8-0xoG but minimal contacts with A. Despite the implied
importance of 8-0x0G, MutY also mediates the removal of A oppo-
site other bases, including G, FapyG (a formamidopyrimidine) and
C>*. Time-resolved fluorescence experiments of the MutY A-excision
reaction using 8-oxoGeA substrates indicated a multiphase reaction
profile, with a fast process being associated with changes at 8-0xoG
and a slower process associated with altering the environment of the
A*. The fluorescence data were originally interpreted as indicating
sequential extrusion of 8-0xoG then A from the helix. However, in
the B. stearothermophilus MutY LRC structure®, 8-0xoG is within
the helix but has an altered conformation about the N-glycosidic
bond. Although the molecular mechanism of the 8-0xoG-associated
fluorescence changes is unclear, these experiments, together with the
structure, suggest that MutY relies heavily on initial recognition of
8-0x0G to locate A bases for excision. Additional structures of MutY
bound to other base pairs (such as TeA) would be of considerable
interest to elaborate how this enzyme prevents inadvertent excision
of A opposite T.

BER and colorectal cancer

The importance of preventing mutations associated with 8-oxoG was
emphasized when a direct link was uncovered between colorectal can-
cer and mutations in the gene encoding the human MutY homologue
(MUTYH)®. This work also established the first link between inher-
ited defects in BER and cancer. In a British family (denoted family N),
several siblings presented clinical symptoms characteristic of familial
adenomatous polyposis, a common form of familial colon cancer. In
familial adenomatous polyposis, the colon of afflicted individuals is
littered with adenomatous polyps as a result of mutations in the gene
adenomatous polyposis coli (APC)*. The APC protein has many
important roles in controlling the proliferation of colon cells and is
mutated in most colorectal tumours. Although the familial nature of
familial adenomatous polyposis is usually a consequence of inherited
mutations in APC, this was not the case in family N. Consistent with
the polyposis phenotype, DNA from tumours of afflicted members of
family N had inactivating mutations in APC. The types of mutation,
G-to-T transversions, was particularly revealing, because this type of
mutation is commonly associated with 8-0x0G and therefore prompted
sequencing of the genes encoding the enzymes of the human 8-0x0G
repair pathway. This revealed germline biallelic missense mutations
in MUTYH that would result in two variants of MUTYH, each con-
taining a single amino-acid substitution, Tyr165Cys and Gly382Asp.
Owing to the high similarity of MUTYH and Escherichia coli MutY,

Figure 5 | The 8-0x0G lesion search
process. The pathway is based on
structures of OGG1 and MutM
‘trapped’ with DNA. The enzyme
tracks rapidly along DNA, inserting
a ‘probe’ amino-acid residue
(green hexagon) at various base
pairs to test the stability and/or
deformability of the duplex. This
results in preferential expulsion of
8-0x0G (O) from 8-0x0G«C base
pairs. However, ifa G from a G«C
base pair is extruded, it is captured
by the exo site and then replaced
within the helix. Encountering

a GeC base pair adjacent to an
8-0x0G+C base pair enables 8-0x0G
to be detected easily, because this
G cannot be extruded in the same
manner, promoting movement of
the enzyme to the 8-0x0G«C base
pair. At this point, the 8-0xoG

l might first be extruded to the exo

site and then be quickly captured in
the 8-0x0G-specific pocket, where it
is excised from the DNA.
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the activities of the two corresponding variants in E. coli MutY were
analysed®. Both were found to have compromised A removal activity
relative to wild-type MutY>>”. This finding supported the hypothesis
that the MUT YH variants have a reduced capacity to initiate the repair
of 8-0x0GeA mismatches, leading to increased numbers of G-to-T
transversions in APC and eventually resulting in inactivation of the
APC protein. This is a novel mechanism by which inherited defects in
a gene encoding a BER enzyme (MUTYH) lead to mutations in a gene
associated with predisposition to cancer (APC). This new mechanism
of predisposition to colorectal cancer is now referred to as MUTYH-
associated polyposis®™*’.

To evaluate the consequences of the two amino-acid variants on
DNA-damage and -mismatch recognition independently of base
cleavage, dissociation constants of the two variant MutY enzymes were
measured with DNA duplexes containing a non-cleavable A analogue,
2'-deoxy-2'-fluoroadenosine (FA), opposite 8-0x0G and G”. In these
experiments, the two MutY enzymes (with the substitutions Tyr82Cys
and Gly253Asp) showed a lower affinity for both 8-0xoGeFA-contain-
ing duplexes and GeFA-containing duplexes than did the wild-type
enzyme. Surprisingly, the affinity of the variants for the duplex was not
increased by the presence of 8-0xo0G, in contrast to the case for the wild-
type enzyme, indicating that the mutations abrogate the ability to rec-
ognize 8-0xoG over G. Insight into the role of these two amino acids in
8-0x0G recognition was also provided by determining the structure of a
B. stearothermophilus MutY variant that has an Asp144Asn substitution
bound to an 8-0x0GeA-containing duplex” (Fig. 6a). The correspond-
ing tyrosine residue in B. stearothermophilus MutY (Tyr 88) was found
to be intercalated 5’ to 8-0xoG and to participate in a hydrogen-bond
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network with NH7 of 8-0x0G, whereas the glycine residue (Gly 260)
is located in a turn region of the protein where backbone amides are
involved in close hydrogen bonds with the phosphodiester backbone
adjacent to 8-0x0G.

Interestingly, the location of Tyr 82 in MutY corresponds to the
Phe 114 ‘probe’ amino acid revealed in the structure of MutM trapped
with non-specific DNA. This suggests that the ability of MutY to seek
and find 8-ox0GeA mismatches is hampered by mutation of the large
tyrosine probe ligand to a smaller residue, cysteine. The ability to replace
the tyrosine residue in MutY with a leucine residue without sacrificing
catalytic activity established the importance of intercalation of a bulky
residue for indirect recognition of 8-0x0GeA mismatches®, because
aleucine side chain would be unable to participate in the hydrogen-
bond network with NH7 of 8-0x0G. Many DNA glycosylases have a
phenylalanine, leucine or tyrosine residue at the analogous position™.
In a more subtle manner, the turn region of B. stearothermophilus MutY
that contains Gly 260 seems to be stabilizing a pinched and distorted
conformation of the phosphodiester backbone adjacent to 8-0xoG, and
this might be required for promoting A extrusion. This glycine residue
is located in the C-terminal domain of MutY, which has been shown
to be important for 8-0xoG recognition®*. Interestingly, the single
amino-acid change in the Gly253Asp MutY variant resulted in a loss
in affinity for duplexes containing 8-0xoG over G that was similar to
that observed with a truncated form of MutY completely lacking the

E. coli MutY

B. stearothermophilus MutY

C-terminal domain”. Study of a structure of the B. stearothermophilus
Aspl44Asn MutY variant bound to 8-0xoGeA-mismatch-containing
DNA? revealed that the peptide-backbone torsion angles of Gly 260
are highly unusual, and glycine is the only amino acid that would easily
accommodate such a conformation. Thus, replacement of this glycine
with aspartic acid or alanine destabilizes the turn region and alters the
ability to recognize 8-0xoG at this site specifically®.

Although both variant MutY enzymes have a DNA-binding defect,
the binding defect of the Tyr82Cys variant in vitro translates into a more
deleterious effect on A excision®*. The in vitro adenine glycosylase
activity of Tyr165Cys and Gly382Asp MUTYH variants (A. L. Living-
ston and S.S.D., unpublished observations) and the corresponding vari-
ants of mouse MUTYH* (also known as MYH) were analogous to those
observed for the E. coli variants. However, in contrast to the E. coli vari-
ants, the activity of the mouse MUT YH variants is further reduced in the
presence of other DNA-binding proteins*"**. For example, the presence
of the human AP endonuclease (APE1; also known as APEX1) increases
the A-excision activity of wild-type mouse MUTYH by stimulating
release of MUTYH from the AP-site DNA product. By contrast, for the
mouse MUTYH variants, the presence of APEI reduces the efficiency
of A-excision activity*'. This is a consequence of competition between
MUTYH and APEI for the 8-0x0GeA-containing DNA substrate, which
is not a problem for the wild-type enzyme, owing to its greater affinity
for 8-0xoGeA. These competition effects might also explain why, in
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H. sapiens MUTYH m 535 residues

Met15Val Arg83X Tyr165Cys
Pro18Leu Tyro0X Ser167Phe
Gly25Asp Trp117Arg Argl68Leu
Val61Glu Aspl47His Argl170Pro
1le209Val
[ Catalytic domain B Localization sequence Val220Met
[ MutT-like domain [ HhH motif Arg227Trp
[ Linker ] FCL motif Val232Phe

Figure 6 | Germline mutations observed in MUTYH in individuals with
MUTYH-associated polyposis. a, Structure of B. stearothermophilus
MutY with an Asp144Asn substitution bound to an 8-0x0GeA-mismatch-
containing duplex. The view is down the helical axis, with the MutY
backbone (grey ribbon) encircling the DNA (gold). The A is shown in
black, bound in its recognition pocket, and 8-0xoG is shown in red. The
4Fe-4S cluster is shown in orange. Amino-acid residues in MutY that
correspond to some of the residues observed to vary in individuals with
MUTYH-associated polyposis are indicated on the MutY ribbon: MutY
Tyr 88 (light pink), MUTYH Tyr165Cys; Ser 90 (dark purple), Ser167Phe;
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Arg260GIn Gly382Asp Glu466X
Cys276Trp Pro391Leu Ala475Thr
Arg295Cys Ala405Thr Arg520GIn
GIn324Arg Leu406Met

GIn324X Argd12Cys

Phe344Tyr

Pro345Thr

Arg 91 (light blue), Arg168Leu; Pro 226 (green), Pro345Thr; Gly 260
(yellow), Gly382Asp; and Pro 269 (dark pink), Pro391Leu. Image generated
from pdb file IRRQ from the Worldwide Protein Data Bank, based on data
from ref. 32. b, Alignment of E. coli MutY, B. stearothermophilus MutY and
human MUTYH. Representative mutations that have been observed in
individuals with MUTYH-associated polyposis are indicated. The original
MUTYH variants, Tyr165Cys and Gly382Asp, are highlighted in red and
blue, respectively. Crucial DNA-binding motifs are the helix-hairpin-helix
(HhH) motif and the Fe-S cluster loop (FCL) motif*>'. X, stop codon
results in truncation at this amino acid.
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cell-extract preparations, both human MUTYH variants seemed to be
completely inactive®. Taken together, these observations suggest that
defects in finding and recognizing damaged DNA might be magnified
in a cellular context compared with in vitro experiments as a result of the
presence of many other DNA-binding enzymes. In addition, the search
process is much more demanding in a cellular environment because of
the much larger size of chromosomal DNA than the oligonucleotide
substrates used in vitro. These ideas could explain why MUTYH variants
seem to be less active in cellular complementation assays®*.
Consistent with a global defect in 8-0x0GeA repair, a high propor-
tion of tumours from patients with biallelic mutations in MUTYH
have been observed to contain G-to-T transversions in the first G of
codon 12 of the oncogene Ki-Ras®. This finding suggests that other
genes, in addition to APC, might be susceptible to mutation as a result
of dysfunctional MUTYH; however, so far, no further compelling con-
nections with other types of cancer have been reported. The observed
mutation of Ki-Ras in MUTYH-associated polyposis tumours was also
interesting, because the same type of inactivating mutation is observed
in mice that are deficient in both MUTYH and OGG1 (ref. 46). These
double-knockout mice show high susceptibility to tumour formation,
mainly lung and ovarian tumours and lymphomas. In addition, these
mice also have increased amounts of 8-0xoG in the lungs and small
intestine”. Surprisingly, mice that are deficient only in MUTYH do not
show any atypical properties*’. However, crossing MUTYH-deficient
mice with multiple intestinal neoplasia (Apc™™*) mice, which carry a
nonsense mutation in Apc, resulted in greater intestinal tumorigenesis
than in Apc™™*/Mutyh™* mice*. These mouse model studies showed
that MUTYH deficiency does result in an increased intrinsic mutation
rate; however, this factor alone does not lead to tumour formation in
mice. Deficiencies in other proteins, such as APC or OGGL, help to
fuel the progression towards cancer. In humans, the extent of oxidative
stress and the level of mutations mediated by 8-0x0G, especially in the
gastrointestinal tract, might be greater than in mice. It should also be
noted that in these mouse models, MUTYH protein is absent, rather
than present in a variant form. Studies of Mutyh-variant knock-in mice
would be interesting, because they would shed light on whether the
presence of the variant MUTYH proteins increases mutagenesis and is
thereby more deleterious than the complete absence of the protein.

Beyond family N

Since the original discovery of family N, considerable work has estab-
lished the relationship between mutations in MUTYH and colorectal
adenomas and carcinomas, and this disorder is now referred to as
MUTYH-associated polyposis®*~*. MUTYH-associated polyposis
seems to be an autosomal recessive disorder (requiring mutations
in both alleles). Present estimates of the frequency indicate that
MUTYH-associated polyposis accounts for ~1% of all colorectal cancer,
although this might increase as more patients are tested for mutations
in MUTYH?™. This contribution to colorectal cancer is lower than the
present estimate of 1-6% for hereditary non-polyposis colorectal can-
cer (HNPCC)***". HNPCG, like MUTYH-associated polyposis, stems
from an inherited DNA-repair defect, specifically in genes involved in
mismatch repair (MMR)”. Of the MMR gene mutations, those in the
genes encoding the human MutS homologue, MSH2, and the human
MutL homologue, MLH1, predominate®’. However, HNPCC differs
from MUTYH-associated polyposis in being an autosomal dominant
disorder and in resulting from a different type of DNA-repair defect.
Thus, the evolutionary mechanisms that led to cancer originating from
these two DNA-repair defects are not likely to be the same. Although
familial adenomatous polyposis and HNPCC are relatively rare, under-
standing the genetic basis of these disorders has provided important
insight into pathways that result in cancer®”. For example, a feature
of the MMR defect is the expansion or contraction of short nucleotide
repeats in the DNA of tumours, a process commonly referred to as
microsatellite instability”>”’. Interestingly, microsatellite instability is
also characteristic of many sporadic colorectal cancers”. The pres-
ence of microsatellite instability, family history, the presence and type
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of MMR gene mutation, and clinical manifestations are all important
pieces of the puzzle that are used to diagnose HNPCC and to advise and
treat patients and family members appropriately®'. Although much is
known about HNPCC, many questions still remain about the molecular
mechanism that leads from an MMR defect to cancer.

Because MUTYH-associated polyposis was discovered only recently,
more information about the clinical and molecular properties of
MUTYH-associated polyposis is needed to aid in the diagnosis and
treatment of affected patients and family members. Such knowledge
might also provide insight into how MUTYH mutations contribute
more globally to cancer. At present, testing for mutations in MUTYH
is recommended for patients who have clinical features of familial
adenomatous polyposis but either do not have inherited mutations
in APC or have a family history consistent with recessive inheritance,
as is the case for MUTYH-associated polyposis™. In classical famil-
ial adenomatous polyposis, the sheer number of adenomatous polyps
leads to a lifetime risk of eventually developing carcinoma of almost
100% (ref. 36). On the basis of preliminary studies®****®, a similar
lifetime risk for colorectal cancer has been suggested for MUTYH-
associated polyposis”. The potential increased colorectal cancer risk
for heterozygous individuals (who have only one mutated MUTYH
allele) is a subject of debate, and more clinical testing is required to
resolve this issue®.

In addition to the two variants in MUTYH that were initially identi-
fied (namely Tyr165Cys and Gly382Asp), ~82 germline mutations have
been found in the MUTYH alleles of patients with colorectal adenomas
and carcinomas™ (Fig. 6b). The original variants seem to be the most
common mutations found in Caucasians of northern European ori-
gin’®¥, and different mutations are more prevalent in other ethnic
populations®. Although many of these mutations might result in lack
of MUTYH, a large number of the 82 mutations (~52) are missense
mutations, presenting a diagnostic challenge because their significance
is unknown. On the basis of the type of mutation, the location in the
sequence of MUTYH, and the corresponding position in the structure of
the B. stearothermophilus MutY-DNA complex, it is possible to make a
prediction about the consequences in some cases (Fig. 6a). For example,
early truncating mutations (such as Tyr90X, where X denotes that a stop
codon results in truncation at this amino acid) in the core of the C-term-
inal domain or late truncating mutations (such as Glu466X) are likely
to be destabilizing and to result in the absence of MUTYH. Some of
the missense variants that are conserved in B. stearothermophilus MutY
might affect DNA binding (for example, Argl68Leu and Ser167Phe)
or folding of one of the domains (for example, Trp117Arg). However,
the consequences of other conserved missense variants (for example,
Pro325Thr and Pro391Leu) are not obvious. Moreover, some missense
variants are not conserved in the bacterial MutY enzymes, so it is dif-
ficult to make predictions. At this early stage in our understanding of
MUTYH-associated polyposis, the possibility that some mutations are
non-pathogenic polymorphisms that are found coincidentally in patients
with colorectal adenomas and carcinomas cannot be ruled out. It is also
possible that some variants are only mildly pathogenic and result in
less severe disease symptoms. This idea is supported by in vitro results
indicating that the Gly382Asp MUTYH variant is less catalytically com-
promised than the Tyr165Cys variant; however, it is unclear whether
these findings correlate with clinical data. Reduced A-removal activity
has also been reported for four other variants (Arg227Trp, Arg231Leu,
Val232Phe and Ala459Asp)®* *. Importantly, mutations in MUTYH
might also alter MUTYH expression levels and stability, protein—protein
interactions and post-translational modifications. These and other fac-
tors, together with reduced 8-0x0Ge A mismatch affinity and A-removal
activity, could cooperate to reduce the efficiency of 8-0xoGeA repair in
the APC gene. Additional clinical and functional data will be particularly
important for revealing any associations between colorectal cancer and
specific mutations in MUTYH.

Why are inherited mutations in MUTYH and not other BER enzymes
associated with cancer? One possibility is that dysfunction of MUTYH
is especially problematic because there are no other mechanisms for
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repairing 8-oxoGeA mismatches. By contrast, nucleotide excision repair
seems to function as a ‘back-up’ repair mechanism to mediate removal
of 8-0x0G in mouse cells lacking OGGI (refs 67-70). It is also important
to note that the clinical feature of having colonic polyps provides a key
piece of information that prompts testing for APC or MUTYH muta-
tions, thereby increasing the probability of detecting a relatively rare
defective gene. We predict that dysfunction of other BER glycosylases
will also be found to modify cancer susceptibility, and these correla-
tions might be uncovered as screening for genetic mutations progresses.
Moreover, as information on the molecular basis of cancer becomes
available, additional links between BER defects and cancer will be more
readily revealed.

Beyond 8-0xoG

Although 8-0x0G has garnered much attention, a plethora of oxidized
guanine lesions have been identified" (Fig. 2b). Numerous studies indi-
cate that the most common mutations observed in cells in conditions of
oxidative stress are G-to-T and G-to-C transversions". Whereas G-to-T
transversions can be readily explained by the presence of 8-0xoG or
FapyG, other oxidized lesions are probably responsible for mediating
G-to-C transversions. Of these other lesions, two hydantoin products
— spiroiminodihydantoin (Sp) and 5-guanidinohydantoin (Gh) — are
particularly interesting and are emerging as important lesions to be
dealt with by repair enzymes.

For many years, the product of singlet-oxygen damage to G was
thought to be 4-OH-8-0x0G’"”, and the presence of this product
was used routinely as an indicator of singlet-oxygen damage”. How-
ever, when Burrows and co-workers determined the structure of Sp, as
a major product arising from further oxidation of 8-oxoG-containing
nucleosides and oligonucleotides, suspicion was raised about the struc-
ture of 4-OH-8-0x0G, because the molecular weights are the same”.
It was later confirmed that the structure of 4-OH-8-0x0G had been
misassigned and that 4-OH-8-0x0G was Sp”>”®. When the identity of
Sp was unmasked, it was observed to be generated by oxidation of G or
8-0x0G by a large number of oxidants, including singlet oxygen, high-
valent metal ions, peroxynitrite and ionizing radiation'*”. Interest-
ingly, the studies of oxidation of 8-0xoG revealed that, depending on
the conditions, Gh is formed in addition to Sp’®. When the substrate is
anucleoside or single-stranded DNA, the main product is Sp, whereas
Gh predominates in double-stranded DNA”.

Hydantoin lesions have been demonstrated to be highly mutagenic
both in vitro and in vivo. Single-nucleotide insertion and primer exten-
sion experiments using an E. coli Klenow fragment of DNA polymerase
without exonuclease activity indicate that dAMP and dGMP are inserted
opposite these oxidized lesions”*. In E. coli-based mutagenesis assays
with single-stranded lesion-containing viral DNA, Sp was found tobe a
strong block to replication, whereas Gh was more readily bypassed***.
Moreover, both lesions are 100% mutagenic, mediating both G-to-C
and G-to-T transversions, whereas 8-0xo0G is only mildly mutagenic
(3%) in these assays®"*.

Important features that influence the mutagenic potential of a given
lesion are the efficiency of its repair and the sensitivity of the repair
enzymes to the correct base-pairing context. The relatively low muta-
tion frequency of 8-0xoG in both E. coli and mammalian cells results
from the efficient repair of 8-0x0G. In vitro assays have shown that
Gh and Sp are substrates for E. coli Fpg (MutM)®. Efficient repair in
the correct base-pairing context would be expected to mitigate the
mutagenic potential of lesions; however, removal in the wrong context
might increase mutagenesis. This is shown by studies of Gh, which was
found to be excised by Fpg from GheG and GheC base pairs with similar
efficiencies. The GheG base pair is particularly interesting because it
might mediate the G-to-C transversions observed in vivo. Removal of
Gh or Sp opposite A by Fpg was less than that opposite C; however, the
extent of removal of these oxidized lesions is greater than removal of
8-0x0G opposite A¥. The activity in base-pairing contexts involving A
might also be more problematic, because MutY was found to be unable
to remove A from GheA or SpeA base pairs®.
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Surprisingly, Gh and Sp are not substrates for OGG1, although they
are removed by the Saccharomyces cerevisiae homologues Oggl and
Ntg1 (ref. 84). Another bacterial glycosylase, endonuclease VIII (Nei),
can also remove Gh and Sp®. Interestingly, this enzyme usually targets
oxidized pyrimidines, such as thymine glycol and 5-hydroxycytosine*.
In fact, Gh and Sp, like 8-0x0G, have a thymine-like Watson-Crick
hydrogen-bonding face (Fig. 2b). On the basis of the idea that repair
might thwart the ability to detect lesions that are present at low levels
in cells, Sugden and co-workers used various repair-deficient E. coli
strains to identify the products formed by chromate oxidation®’; Sp was
detected by mass spectrometric techniques in chromate-treated cells
deficient in the BER glycosylase Nei.

Recently, mammalian orthologues of E. coli Fpg and Nei were identi-
fied and designated as the Nei-like (NEIL) family of enzymes (which
consists of NEIL1, NEIL2 and NEIL3)**!. The overall structure of
NEILLI is similar to that of E. coli Nei and Fpg, although it contains an
unusual ‘zincless’-finger motif, which is required for its glycosylase
activity”. The substrate specificity of NEILI is more similar to that of
Nei than that of Fpg*. Reported substrates include 5-hydroxyuracil,
Fapy nucleotides and thymine glycol, whereas the activity towards
8-0x0G is minimal. In contrast to OGG1, NEIL1 also operates on
single-stranded DNA and ‘bubble DNA’ (that is, single-stranded DNA
flanked by duplex regions), thus prompting the suggestion that it is
involved in replication and/or transcription-coupled repair”. Quali-
tative reports also showed that Gh and Sp lesions are removed by the
mouse counterparts of Nei, NEIL1 and NEIL2 (ref. 94). Interestingly,
quantitative examination of the substrate specificity of human NEIL1
revealed Gh and Sp lesions as the best substrates identified so far
(N. Krishnamurthy and S.S.D., unpublished observations). Notably,
mouse and human NEIL1 have been found to remove Gh and Sp from
all base-pairing contexts that would be mutagenic, except when paired
with C. The detection of Sp lesions in cells, together with the high
mutagenic potential of both Gh and Sp and the potentially muddled
processes of repair, suggests that these lesions will begin to capture more
and more of the attention that is presently directed toward 8-oxoG.

The importance of human NEIL1 in response to oxidative stress
has been illustrated by the observation of increased amounts of NEIL1
mRNA in response to ROS”. Moreover, knockdown of NEILI using
RNA interference produces cells that are extremely sensitive to ioniz-
ing radiation™. In addition, an intriguing report correlated inactivating
mutations in NEILI with human gastric cancer”. These varied biological
consequences are not surprising for an enzyme involved in the repair of
oxidative damage; however, some peculiarities in the biological role of
human NEILI were revealed in studies of the recently generated Neill-
knockout mouse”. In the absence of oxidative stress, both Neil1-knock-
out mice (Neill”") and mice that are heterozygous for Neill (Neil1™")
show symptoms consistent with metabolic syndrome in humans™. These
symptoms include severe obesity, dyslipidaemia and fatty liver disease. It
seems somewhat odd for a defect in a BER glycosylase to be correlated
with a metabolic disorder, but these types of disorder have been linked
to oxidative stress. The authors of that study, Vartanian and co-workers,
suggest that disruption of energy homeostasis consistent with metabolic
disorders might result from the extensive mitochondrial DNA damage
observed in NEIL1-deficient mice™. Alternatively, damage to nuclear
DNA in specific cell types, such as liver and pancreatic cells, might be
extensive in the absence of NEILI, leading to symptoms of metabolic
syndrome. Clearly, these interesting results warrant further study, and
they illustrate the important role of BER in the overall well-being of
organisms.

Concluding remarks

Since the discovery of BER more than three decades ago, the field has
clearly taken its place in the mainstream of DNA repair. A plethora
of structural information has provided amazing insight into the pro-
cesses of DNA-damage recognition and excision by these enzymes. This
structural work will probably be complemented in the future by new
biophysical and biochemical approaches allowing direct visualization of
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the search processes by a variety of DNA glycosylases. This could allow
additional intermediates to be observed and provide a more generalized
model for damage recognition by these enzymes.

Uncovering the molecular details of events involved in the processing
of damaged DNA bases by DNA glycosylases will be important to under-
stand further how the aberrant function of these enzymes causes disease.
Here, this relationship was illustrated by discussing MUTYH variants,
for which the biochemical and structural data are consistent with a
reduced efficiency to recognize and repair 8-oxoGe A mismatches. This
provides a molecular basis for the observed G-to-T transversion muta-
tions in APC, leading to MUTYH-associated polyposis. Understanding
of MUTYH-associated polyposis is still at an early stage, however, and
many unanswered questions about the role of the variant enzymes in
initiating the process of carcinogenesis remain. For example, does sever-
ity of the disease correlate with the type of MUTYH mutation? Why are
the colon and the APC gene particularly sensitive to a BER defect? The
intriguing metabolic disorder phenotype of the Neill1-knockout mouse
also suggests that interesting relationships between BER and human
disease will continue to be discovered. Our sophisticated understanding
of the intricate steps used to recognize and excise aberrant DNA bases
could now be exploited to selectively target steps in the ‘search and rescue’
process mediated by DNA glycosylases. For example, small-molecule
modulators of glycosylase activity could be new tools for chemical biol-
ogy studies and might lead to new therapeutic approaches. ]
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