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The DNA double helix encodes the genetic information of
almost all organisms on earth. It was Friedrich Miescher who
discovered nucleic acids, which he called nuclein, back in
1869. Erwin Chargaff uncovered the base components of
DNA, adenine (A), cytosine (C), guanine (G), and thymine
(T), and reported the rules that are known today as the
Chargaff rules and describe the 1:1 relation between A and T
as well as G and C.I' These reports, together with X-ray data
obtained by Rosalind Franklin and Maurice Wilkins, laid the
foundation for the discovery of the famous DNA double-helix
structure by James Watson and Francis Crick.”! Based on this
structure, they formulated the molecular principles of self-
complementary base pairing, which form the basis for the
faithful replication of the DNA duplex. This finally allows
genetic information to be passed down from generation to
generation.

Since the discovery of the DNA double-helix structure it
has been a riddle how this complex molecule can safely store
information. Even if the replication machinery that copies the
DNA molecule by pairing A with T and G with C makes only
one mistake in one million steps, it would still lead to
thousands of mismatches when, for example, a full human
genome with its 10° base pairs is copied. Even if the half life of
cytosine, for example, which easily deaminates to uracil, was
a million years, with 10° bases in a human genome of which
a fourth are cytosines, thousands of deamination reactions
would be expected to occur per day and cell.”’! Furthermore,
the genetic material is surrounded by mitochondria, which
produce reactive oxygen species (ROS), some of which attack
DNA molecules to produce a wide range of oxidative-
degradation products. Furthermore, DNA is also degraded
by UV light (4 <300 nm), which is a natural part of sunlight,
resulting in DNA photolesions. All of these lesions lead to
a constant loss of genetic information. Overall, these pro-
cesses basically eliminate the ability of the DNA duplex to
encode a complex human being.

At this point, DNA repair comes into play; this years’
Nobel Prize in Chemistry was awarded to Tomas Lindahl
(base excision repair), Paul Modrich (mismatch repair), and
Aziz Sancar (repair of chemically complex lesions) for
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research in this area. These researchers are pioneers in the
DNA repair field. They reported essential mechanistic work
on how the involved repair enzymes and proteins function.
Once a lesion is detected, the repair systems trigger a series of
events that finally lead to the removal of the lesion from the
DNA duplex and the restauration of the genetic information.
Tomas Lindahl realized early on that DNA, although
surprisingly robust, is far too fragile to fulfil its function as
a genetic storage unit.** He concluded that something like
DNA repair must exist. Tomas Lindahl worked mostly on the
base excision repair (BER) system, which carefully removes
damaged bases from the genome. The whole BER system is
based on a set of different lesion-specific DNA glycosylases.!
These enzymes recognize either one specific lesion or a small
set of DNA lesions with a common structural motif. The
enzymes employ a sophisticated molecular recognition step
that allows them to precisely distinguish damaged bases from
undamaged ones. Today, many repair glycosylases are known,
and for most of them, even crystal structures together with
their cognate substrates have been reported.®! In particular,
Tomas Lindahl discovered the uracil glycosylase, which
removes mismatched uracil from a U:G base pair that results
from deamination of C to U (Figure 1).”1 Other glycosylases
include the human protein hOGG1, which removes 8-oxo-
dG,® and the bacterial glycosylase MutM, which removes
FaPy-dG lesions from the genome (Figure 2).”’! Both of these
compounds are formed after oxidative damage of guanine
bases.'”! Other repair glycosylases, such as MDB4'!l or the
thymine DNA glycosylase (TDG),['”! are able to detect T:G
mismatches. They remove the T base formed after deami-
nation of SmC, for example. All of these glycosylases employ
a somewhat similar repair mechanism, which involves flipping
the damaged base out of the duplex into the active site.'’] A
nucleophile in the active site then attacks the C1’ carbon atom
of the glycosidic bond; the glycosidic bond is then broken, and
the base leaves to give a covalent DNA—glycosylase adduct,
which is subsequently hydrolyzed to give an abasic site. These
abasic sites are recognized by endonucleases, which now
cleave the phosphodiester bonds to create a single nucleotide
gap that is subsequently filled by the insertion of a new base.
Base excision repair is a versatile repair system that removes
many lesions from our genome in a straightforward process.
The system protects our genome from damages created by
deamination, alkylation, and oxidative stress. These are
lesions that only result in minor DNA duplex distortion.
Paul Modrich pioneered mechanistic work in the field of
mismatch repair, which is a complex DNA repair process that
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Figure 1. Left: Depiction of the DNA double helix (B-form) with the sugar phosphodiester backbone in blue and the nucleobases pointing towards
each other. Right: C:G base pair (black). The C base can undergo deamination to give a U:G mismatch, which is repaired by the uracil DNA
glycosylase (UDG). The U base is shown in red. The C base can also tautomerize, and this form (blue) is able to base-pair with A to give a C™":A
base pair, which is repaired by the mismatch repair system, which consists of MutS, MutH, and MutL in bacteria. Also depicted are the UV-

induced cyclobutane—pyrimidine dimer (CPD) and (6-4) lesions.
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Figure 2. Oxidative stress: Reactions with reactive oxygen species lead
to the formation of 8-oxo-dG and FaPy-dG lesions."*!

is able to eliminate base-pairing mistakes generated during
replication of the DNA duplex by DNA polymerase.!'*! The
chemical basis for this type of DNA damage is often base
tautomerization. DNA bases can exist in different tautomeric
states, and although the tautomers that are the basis for
Watson—Crick-type base pairing are by far the most dominant
forms, other tautomeric states exist as well. If they appear
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inside the DNA polymerase during the replication process,
they can lead to the selection of a wrong counterbase during
the copying reaction. A famous example is the DNA base
cytosine (Figure 1). The dominating tautomer possesses a
H-bond donor (d)/H-bond acceptor (a)/H-bond acceptor (a)
arrangement that enables base pairing with guanine with its
complementary (a)-(d)-(d) arrangement in the Watson—Crick
mode. However, when the C base tautomerizes to the imino
form, an (a)-(d)-(a) arrangement results, which will be base-
paired with the (d)-(a) motif of adenine to give a C:A
mismatch. DNA polymerases are astonishingly promiscuous,
and indeed, crystal structures of DNA polymerases with DNA
bases in such rare tautomeric states were recently reported.

The repair of mismatches is complex because the repair
machinery needs to distinguish between the (old) DNA
strand that forms the template in the copying process and the
newly synthesized strand in which the mistake occurred. This
is important because the system has to decide whether it
needs to remove the C or the A base from the mismatch in the
above example. Whereas the details of this strand-recognition
process are not entirely clear, it is best known for bacteria.
Here, three enzymes, MutS,"®) MutH, and MutL, are needed
to perform the repair reaction. These enzymes use the fact
that some adenine bases are methylated at the N6 position.!"”!
Shortly after DNA replication, the newly synthesized daugh-

www.angewandte.org

15331


http://www.angewandte.org

Angewandte
Highlights

15332

ter strand lacks these methylated bases, which allows the
repair system to identify the newly synthesized strand. During
mismatch repair, bacterial MutS (as a dimer, (MutS),)
recognizes the mismatched base, and MutH binds to hemi-
methylated sites. MutL then functions as a mediator between
MutS and MutL forcing them together, which leads to the
activation of MutH, which then cleaves the phosphodiester
backbone close to the mismatch in the non-methylated strand.
The whole repair complex subsequently slides along the
duplex to remove a whole piece of DNA around the mismatch
to create a single-stranded gap. These processes are followed
by de novo DNA synthesis to fill the gap and final ligation. In
humans, the mismatch repair mechanism is still under intense
investigation.['¥!

Aziz Sancar is a pioneer in the DNA repair field who
investigated how chemically complex DNA lesions, such as
UV-induced lesions, are repaired.™” For UV lesions, specific
repair enzymes exist, which are able to repair the lesions
directly in the double strand. The repair enzymes are the CPD
and (6-4) DNA photolyases."™ They enable bacteria to
survive after UV exposure in the presence of long-wavelength
sunlight, a process that is called photoreactivation, and they
are also important in plants.”” UV irradiation leads to the
dimerization of two adjacent T bases by either a [2m+ 2]
cycloaddition reaction, which leads to cyclobutane pyrimidine
dimers (CPDs) in a superfast process,?'! or by a Patern6—
Biichi reaction, which gives rise to (6-4) photo adducts
(Figure 1). To repair these lesions, DNA photolyases employ
a complex repair process that is based on energy- and
electron-transfer events."® Photolyases contain two cofac-
tors, one of which (either a methenyltetrahydrofolate or

a deazaflavin) absorbs light with wavelengths of about 350—
400 nm and transfers the excitation energy, by a Forster
mechanism, to a reduced and deprotonated flavin (FADH")
present in the active site. Crystal structures of photolyases®
and co-crystal structures of the CPD™! and (6-4) photo-
lyases® (Figure 3) in complex with lesion-containing DNA
show that the enzyme flips the whole dinucleotide lesion out
of the duplex into the active site to bring it into close
proximity to FADH™*. The key step of the repair process is an
electron transfer from FADH™* to the lesion, which sub-
sequently fragments back to the thymine monomers.
Although mismatch repair, base excision repair, and
photoreactivation are central elements of the genome repair
systems in nature, most species, including humans, also
possess a further complex repair system called nucleotide
excision repair (NER). This repair system, which was also
intensively investigated by A. Sancar, removes not only UV
lesions,”! but also a variety of bulky-adduct lesions and
cisplatin DNA lesions, formed during chemotherapy with
cisplatin, from the genome.” It requires the complex inter-
play of many proteins.””! Today, we distinguish between
global NER processes™™ and NER processes that are tran-
scription-coupled,” and we understand that defects of the
NER system in whatever subsystem are particularly harmful
for humans.® The proteins involved in both global and
transcription-coupled NER have been identified in the
meantime, but the molecular details that ultimately lead to
damage recognition are not yet fully understood. However,
recently reported crystal structures of key NER proteins in
complex with specific lesion-containing DNA start to uncover
how the different lesions are recognized.® The history of

Figure 3. Crystal structure of the CPD photolyase (gray) with the deazaflavin cofactor F,,, (blue) and the FAD cofactor (orange). The DNA duplex
is shown in dark blue with the flipped-out CPD lesion (magenta) that is formed between the DNA bases T7 and T8. The active site is indicated by
the black box. Bottom right: View into the active site, showing the repaired CPD lesion in complex with FADH™. The FADH™ ion has a U-type
conformation.”?%! Some water molecules are also found in the active site (+).
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the discovery of the NER system is interesting, and readers
are referred to an early excellent review on this topic.*¥
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