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Catalytic Promiscuity and the Divergent Evolution of DNA Repair Enzymes
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1. Introduction

DNA has a remarkably simple chemical structure, yet it
encodes an amazing amount of diversity. It is likely that
DNA was selected as the genetic molecule of life, at least
in part, because of its exceptional stability. Nevertheless,
there are many endogenous and exogenous sources of DNA
damage. The alterations in the chemical structure of DNA
that result from this damage have potentially dire cellular
consequences because they can interfere with the normal
DNA-templated processes of transcription and DNA replica-
tion and result in permanent mutation of the genome. On
one hand, this damage-induced mutation can be beneficial
because it provides the variation necessary for Darwinian
selection. This cycle of variation and selection is the driving
force for evolution, the process by which biological diversity
is created. On the other hand, too much mutation is
detrimental because beneficial sequences can be quickly lost.
Therefore, it is not surprising that all cellular life forms and
many viruses encode a multitude of proteins that function
to repair damaged DNA. These repair pathways are remark-
ably complex and appear to be highly redundant. Individual
cells have multiple pathways available for the repair of a
given type of DNA damage and in many cases multiple
proteins that can repair the same type of damage even within
a single pathway.

How did this complex repertoire of DNA repair pathways
evolve? It is generally accepted that mutation rates have
changed over evolutionary time. Higher mutation rates would
have provided selective advantage for short periods of time,
and subsequently lower mutation rates proved to be more
advantageous. Indeed mutation rates vary widely between
organisms and even between different locations within the
genome of a single organishd.The most obvious way to
affect mutation rates is to alter the activity of the DNA repair
and replication proteins themselves. Many cycles of selection
for different mutation rates and exposure to fluctuating levels
of DNA-damaging agents in different organisms and in
different environments are likely to have shaped the complex
and highly redundant pathways for DNA repair that are
present in modern-day organisms. As most repair pathways
require multiple gene products, this view of evolution
suggests that it has been relatively easy for the function of
DNA repair pathways to be altered and for new repair
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accept alternative substrates, then this process is expected
to be more efficient because single beneficial mutations could
confer a selective advantagfe’? The results from many
studies suggest that the ability to accept alternative substrates
that are closely related to the normal substrate (broad
substrate specificity) and to catalyze different classes of
reactions with the same or different substrates (catalytic
promiscuity) are widespread and perhaps a fundamental
property of biological catalysiS. Furthermore, the results
from protein engineering experiments and in vitro evolution
suggest that readily accessible pathways exist for creating a
new enzyme from a preexisting one. In many cases, single
mutations can greatly increase the activity of an enzyme
toward a new substrate, even when the new reaction involves
a change in catalytic mechanisfi->16

Consistent with this notion, there is abundant evidence that
divergent evolution has played a central role in the evolu-
tionary diversification of enzymatic function. Almost all
enzymes have been conserved to some extent during evolu-
tion and are closely related to homologous enzymes from
other organisms (orthologu€sj® These enzymes share the
same biological function and catalyze the same biological
reaction but oftentimes have significant differences in their
ability to bind closely related substrates or inhibitors. Many
enzymes also belong to enzyme families that are composed
of closely related paralogues (homologous proteins within
an organism that evolved from a common ancesfofy.

These enzymes catalyze a specific type of chemical trans-
formation but can vary widely in their substrate specificity
remodeling these pathways, protejprotein interactions, and often function in distinct biological processes or
cellular localization, and regulatory mechanisms are also Pathways? Oftentimes these enzyme families are themselves
important factors. There are examples in which enzymes havellomologous with one or more mechanistically distinct
lost enzymatic activity but have adopted different functidns ~ €nzyme families that carry out different classes of chemical
and numerous examples of multifunctional proteins in which transformations, and together they constitute mechanistically
only one of the functions is catalytic activity. In other cases, diverse enzyme superfamilies thought to be related by
a single polypeptide has been found to have different divergent evolutiof?"*® Three examples of enzyme super-
functions in different pathways or in different compartments families are shown in Figure 1. These enzyme superfamilies
of a given celB® Throughout biology, and particularly in ~ are remarkable for the diversity of different reactions that
DNA repair, cellular processes are carried out by multiprotein are catalyzed: €N, 0=0, C=S, and P-O bond cleavage
complexed® The evolution of these proteirprotein in-  in the metallog-lactamase superfamily; -€Cl, C—P, and
teractions has no doubt been a critical component of evolving PO bond cleavage and formation in the haloacid dehalo-
DNA repair pathways. Furthermore, regulation of these genase superfamily;-€S and C-N bond cleavage and-€
complexes via posttranslational modification provides an N, C—O, and C-S heterocycle formation in the Fe(ll)-
additional level of complexity® Although these aspects of dependent dioxygenase superfamily. Although the sub-
evolution are fascinating, this review will focus on the Strates and reactions vary greatly, key catalytic groups are
chemistry of the repair reactions themselves and on theconserved: two divalent metal ion binding sites in the
processes by which new enzymatic activities have beenf-lactamase superfamily; an aspartate nucleophile and a
recruited for DNA repair throughout evolution. general base in the haloacid dehalogenase superfamily; a
The de novo evolution of enzymes was clearly critical at Single divalent metal ion binding site in the Fe(®)-
the early stages of evolution and probably continued to play Ketoglutarate-dependent enzymes. At least one DNA repair
a role throughout evolution, otherwise all enzymes would €NZyme belongs to each superfamily, with the other enzymes
share the same three-dimensional structure. However, the ddunctioning in a wide variety of biological roles. These
novo creation of an enzyme is expected to be a low examples showcase the evolutionary potential of biological
probability event because most random polypeptides are notcatalysis and the probabilistic nature of the evolutionary
expected to adopt a unique and stable structure, and enzymeBrOCESS.
require one or more specific substrate-binding pockets and This review discusses the known evolutionary relationships
the correct placement of multiple catalytic groups relative among DNA repair enzymes and between DNA repair
to the substrate(s). Divergent evolution from a preexisting enzymes and other cellular enzymes, focusing on the
enzyme via gene duplication is expected to provide a more divergence of enzymatic function. Our understanding of these
favorable pathway to the creation of a new enzymatic relationships provides insight into the evolutionary past and
activity, because a duplicated gene product already adopts aurrent evolutionary potential of contemporary DNA repair
stable fold and the binding site and/or catalytic groups could processes. Consideration of the evolutionary relationships
be used in a new reaction with only minor changes. If the involving DNA repair enzymes, the multiplicity of DNA
duplicated enzyme already was multifunctional and able to repair enzymes available to a given cell, and the current

damage.
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Figure 1. Representative superfamilies that contain DNA repair
enzymes. Each protein has structural homology to the other

members of the superfamily, and active site features have been

conserved. The common mechanistic feature is shown for each

superfamily, along with several enzymes and the reactions that theyA
catalyze. Some of the reactions are not shown, but the bond that is

broken is indicated with an arrow. (a) The metgfldactamase
superfamily members usually bind Zn but in a few cases the
identity of the conserved metal ligands is altered to allow binding
of Fe#* instead. ROO is rubredoxin/oxygen oxidoreductase. Struc-
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Figure 2. Threshold model for the evolution of a new activity.
For any new activity there is a threshold below which the activity
does not provide a selective advantage and the gene cannot benefit
from Darwinian evolution. The selective pressure depends on the
level of the activity, because greater activities can give larger
selective advantage, so the threshold is not discrete. Three
evolutionary starting points reflect the activities of newly duplicated
genes. Very low activity (1) requires many advantageous mutations
(arrows) to reach the threshold required for a selective advantage.
Activity near (2) or above (3) the threshold can be immediately
subject to selective pressure and single beneficial mutations could
be selected for. Arrows indicate a typical energetic effect that a
point mutation could have on activity, but the actual increase in
activity obtained is completely dependent on the position and
identity of the mutation. In rare cases, much larger increases might
be observed (4), perhaps reflecting a domain fusion that brings
together previously optimized catalytic or binding sites. The level
of the threshold depends on the genetic background, the intra- and
extracellular environment, and the biological function of the new
activity. For example, new DNA repair activities are expected to
require relatively lower reaction rates because single turnover would
be sufficient to repair rare sites of damage. In contrast, a new
metabolic or catabolic pathway is expected to require much higher
reaction rates to generate sufficient product to affect viability.
dapted with permission from ref 11. Copyright 1999 Elsevier.

duplication. In the post-genomic era we know of many
examples in which such gene duplication has taken place
on a massive scale, such as the duplication of most of the

tures are not yet available for Artemis or any of the related DNA Saccharomyces Cam|aegen0mé7 D|Vergent evolution has

repair nucleases, but these enzymes are predicted to be homologo
and to bind divalent metal ions in a similar manA¥292.296.323)

The haloacid dehalogenase (HAD) superfamily uses a highly
conserved aspartate nucleophile. A general base subsequentl

Ydng been thought to require gene duplication as an initial

step to free a gene from the previous functional constraints

N its gene product>° However, once a gene is duplicated

activates a water molecule in the second step of the reaction torandom drift will cause an accumulation of mutations in a

hydrolyze the covalent intermedia®:274(c) The superfamily of
Fe(ll)/o-ketoglutarate-dependent dioxygena¥€sSome members
of this superfamily use 41 instead of F&", and most, but not all,
usea-ketoglutaratedKG) as a cosubstrate. Although no structural
information is yet available for the AIkB family, sequence homology
and the confirmed Pe/aKG-dependent mechanism strongly sup-
port this assignmeri®141.284

catalytic potential of these enzymes raises the possibility that

DNA repair pathways themselves are under selective pressure

to be evolvable. The ability to recognize and repair new types
of DNA damage could provide a powerful selective force

throughout evolution in response to changing intracellular
and extracellular environments.

2. Overview of Catalytic Promiscuity and the
Evolutionary Diversification of Enzymes

functionally redundant gene. Because the majority of these
mutations are expected to be deleterious to structure and/or
function, most duplicated genes are expected to be relatively
quickly lost. But, if a duplicated gene’s product already had
some low level of activity toward a new biological function,
then evolutionary pressure has a higher probability of
adapting and improving the new activity through Darwinian
selection.

A threshold model for selective pressure based upon the
biological function (e.g., enzymatic activity) illustrates some
of these concepts for divergent evolution of any given gene
product (Figure 2). A duplicated gene, or any other gene
that is free from functional constraints, has many possible
evolutionary pathways that can result in functional changes
to the protein that it encodes. In most cases, a duplicated
gene’s product will not have any new desirable functions,

There are numerous examples of modern-day enzymes thatnd it would require many mutations to acquire a new
appear to have evolved from preexisting enzymes via genefunction (Figure 2; gene 1). In other cases, a low level of
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activity toward the new function could provide sufficient ous activity. Consideration of these factors suggests that
activity or be close to providing the necessary level of activity negative selection would operate against many alternative
(Figure 2; genes 2 and 3). Once the activity reaches thereactions, and this would serve to decrease the potential for
threshold for which a selectable advantage is conferred, thendivergent evolution. Alternatively, newly evolved enzymes
subsequent rounds of mutation and selection can improvethat modify DNA substrates could have provided increased
and ultimately optimize the new activity. Although a low mutation rates during times of rapid change in the evolution-
level of activity toward the new function greatly increases ary past, and this could have provided a selective advantage.
the probability of divergent evolution, it does not guarantee Perhaps the evolution of some repair activities paralleled the
that the function can necessarily be optimized. Even very evolution of the organism as a whole so that there was ample
low probability events can and do occur in the course of time to evolve greater specificity even as the selective
evolution. For example, domain fusion events, although rare, pressure to lower mutation rates increased. If so, then future
could provide much larger increases in activity than single evolution of repair pathways could differ considerably from
point mutations because entire preformed binding/catalytic past evolution.
sites could be brought together (Figure 2; gené'#} The current wealth of genomic sequence data, protein
Nevertheless, the evolutionary potential to create new structures, and mechanistic studies of DNA repair proteins
enzymatic activities is likely to be strongly influenced by provides extensive evidence for divergent evolution among
the variety and frequency of alternative reactions that are proteins involved in DNA repair. This review will cover these
carried out by the cellular complement of enzymes. evolutionary relationships from the persp_ective of _the
It has long been recognized that many enzymes have€nzymologist and further evaluate the functional plasticity
remarkably broad substrate specificities, and JoAgan-  Of DNA repair enzymes by examining examples of broad
posed that the substrate ambiguity of such proteins C(_)mdsu.bstrate specificity and catalytic promiscuity. The avalllable
provide a starting point for divergent evolution after gene €Vidence suggests that DNA repair proteins are not obviously
duplication. As our understanding of enzymatic catalysis different from other enzymes and that catalytic promiscuity
increases, it has become clear that most if not all enzymes@nd broad substrate specificity are likely to be common
accept alternative substrates and quite commonly can catalyzd€atures of all enzymes. These features could have contrib-
transformations of remarkably different reactants utilizing Uted to the diversity of DNA repair enzymes that are encoded
distinct mechanistic features. The ability of a single active Within a single genome and are likely to influence the future
site to catalyze multiple types of reactions has been referred€volution of DNA repair pathways.
to as catalytic promiscuiti: Active sites abound with .
potentially catalytic groups, and any given active site contains 3. The Chemical Landscape for DNA Damage and
several of the following groups: metal ions, general acids Repair
or bases, hydrogen-bond donors or acceptors, nucleophilic
amino acids, bound cofactors. Furthermore, many side chainsm
have versatile catalytic potential. For example, a carboxylate
that binds a metal ion for a given reaction could function as
a general base to abstract a proton from a substrate in a
alternative reaction when the metal is not bound. Thus, it
should come as no surprise that there are dozens of well-
characterized examples of enzymes that exhibit catalytic
promiscuity, utilizing a single active site to catalyze one or
more alternative reactions that are substantially distinct from
the normal, physiological reactidn:*In many cases, single 545 As minor modifications of even a single atom can
active sites have evolved to catalyze more than one type of .hange the hydrogen-bonding potential of a base and cause
chermcal reaction a_tasmgle active site as part of their normal grors during DNA replication or transcription, it is a
physiological function (see section 5). considerable challenge for these enzymes to discriminate
Previous analyses of mechanistically diverse enzyme between sites of damage and the vast excess of normal DNA.
superfamilies and changes in reaction and substrate specificin this section, the labile bonds in DNA are briefly introduced
ity have focused largely on metabolic enzymes. The recentto present a context for understanding the chemistry behind
evolution of new metabolic pathways in response to man- DNA damage and repair. The reactivity of DNA is compared
made chemicals has facilitated the identification of the to other metabolic reactions, and finally the ways in which
evolutionary relationships and provides insight into the the chemistry of DNA damage and repair are expected to
processes by which enzymes and pathways evet@iven affect the evolution of DNA repair enzymes are discussed.
the similar fundamental challenges of specificity and profi-  Efforts over the past three decades to characterize the
ciency faced by all enzymes, it seems likely that these intrinsic reactivity of DNA and of model compounds related
paradigms will apply to enzymes in other biological pro- to DNA have provided a wealth of information about its
cesses, including DNA repair. However, some fundamental chemical stability (Figure 3%°%¢ As the phosphodiester
features of DNA repair are expected to distinguish it from backbone is remarkably stable under physiological condi-
other metabolic pathways. Most notably, because the sub-tions, it is difficult to measure the spontaneous hydrolysis
strate is DNA, the source of genetic information, even low reaction directly. However, estimates for the stability of the
levels of the wrong activity or the correct activity toward phosphodiester backbone of DNA, based upon the reactivity
the wrong sites could have profound effects on viability and of the model phosphodiester dimethyl phosphate, suggest a
genetic stability. Furthermore, once a protein has evolved half-life of ~140 000 years under physiological condi-
the ability to bind to DNA nonspecifically, it has an increased tions37:38 As stable as this bond is, the carbezarbon bonds
likelihood of targeting any DNA sequence with a promiscu- of the deoxyribose sugar backbone are expected to be even

The early recognition that DNA is a remarkably stable
olecule has been largely substantiated, but over the years
we have gained a greater appreciation for the many spon-
taneous reactions that can alter the chemical structure of
'DNA.35 Even very slow reactions can cause significant
numbers of DNA-damaging events on a biologically relevant
time scale given the large size of genomic DNA. Once
damaged, the great chemical stability of DNA then acts to
thwart the intentions of the DNA repair enzymes that must
catalyze the cleavage and formation of these same stable
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Figure 3. Hydrolytic reactions of DNA. Arrows indicate the most
labile bonds in DNA; larger arrows indicate faster rates of
spontaneous hydrolysis under physiological conditions. A single
strand of a DNA duplex is shown, with the sequence from top to
bottom C, T, A, G, and an AP site (resulting from spontaneous
depurination).

more resistant to hydrolysf§.Under normal conditions the
N-glycosidic bond that attaches the nucleobase moieties to
the phospho-sugar backbone is the most hydrolytically
sensitive (Figure 3). The purine nucleotides are especially
susceptible to acid-catalyzed hydrolysis, but even at physi-
ological pH guanine is hydrolytically released with a half-
life of ~730 years?4°Although pyrimidine nucleotides are
also hydrolyzed, they are100-fold more stable than purine
nucleotides under physiological conditiolg? Once N-
glycosidic bond hydrolysis occurs, the apurinic (AP) site that
is produced is exceptionally unstable and undergoes a base
catalyzed elimination reaction to break the DNA backbone
with a half-life of ~8 days in neutral solutioff. Thus,
depurination provides the lowest energy pathway to breaking
the DNA polymer. Nature appears to have capitalized on
this relative weakness of the N-glycosidic bond, because

O'Brien

regimen than primary metabolic pathways. Metabolic path-

ways usually require a high flux and the synthesis of

relatively large amounts of products. In contrast, DNA

damage is a rare event, and therefore many repair enzymes
are only required to turn over a few times per cell cycle. It

is critical that sites of damage be found, but there may not
be a strong selective pressure to maximize the rate of
reaction. If an enzyme can locate and tightly bind to a site
of DNA damage, then this could prevent access by the DNA
replication and RNA transcription machineries. Consistent

with these notions, repair enzymes typically h&ygvalues

of 0.1-1 s™%, and this differs from metabolic enzymes that
often have rate constants that are®orders of magnitude
larger36:37Uracil DNA glycosylase (UNG) froniescherichia
coli appears to be exceptional in its ability to turnover its

substrate, with a single-turnover rate constant of more than

100 st* This fast reaction rate (and exceptional rate

enhancement) likely reflects the abundance of this lesion
relative to other types of base damage. As discussed below,
UNG has an unusually narrow substrate specificity, and the

tight uracil-specific pocket effectively excludes the other

natural nucleobases. In contrast, most other DNA repair
enzymes offer more modest rate enhancements. Presumably
these lower rate enhancements reflect the ability to recognize
a broader range of substrates.

In addition to DNA fragmentation, a large number of
spontaneous reactions are known to alter the chemical
structure of the nucleobases within DNA. Although most of
these changes do not appreciably change the stability of the
DNA, they can change the base-pairing properties and are
therefore potentially mutagenic (Figure 4). The most common
of these reactions is the hydrolytic deamination of the
exocyclic amino groups of the nucleobases, of which the
most unstable is the 4-amino group of C with a half-life of
~22 000 years in duplex DNA»45-4" Deamination of C or
m°C, to generate either a d@ or T-G mismatch, would be
a mutagenic event if not repaired (Figure 4). A wide variety
of additional chemical reactions involving the DNA bases
are possible, including alkylation, oxidation, and damage
caused by ionizing radiation or UV light (Figure 4), and the

frequency of these events are dependent upon the level to

which the DNA is exposeéf These base lesions pose a
formidable challenge to the DNA repair machinery, because

many different types of base damage are repaired by basdhe damaged bases resemble the undamaged bases more

excision repair that is initiated by enzymatic hydrolytic
release of the damaged base (see below).

Nevertheless, the N-glycosidic bonds (and the other, more
stable bonds in DNA) are all quite stable relative to many
metabolic intermediate®$:3” For example, spontaneous pep-
tide bond hydrolysis, cytidine deamination, and isomerization
of triose phosphate have half-lives of 450 years, 73 years,
and 2 days, respectivel.The great chemical stability of
DNA helps to preserve the integrity of the genetic informa-
tion encoded by DNA but requires that the enzymes that

closely than they resemble each other. This might suggest
that DNA repair enzymes require exquisite sensitivity to
distinguish damaged DNA from undamaged DNA. However,
contrary to these initial expectations, many DNA repair
enzymes exhibit broad substrate specificity, suggesting that
other factors need to be considered.

To understand the landscape for the evolution of new DNA
repair activities, it is important to recognize that very few
biochemical reactions are required to accomplish repair:
N-glycosidic bond hydrolysis, AP lyase, phosphodiester

repair DNA provide larger rate enhancements (rate enhance-hydrolysis and formation, and phosphomonoester hydrolysis

ment= Keafknory in Which ke4¢ is the enzymatic rate constant
for multiple turnover andk..n is the nonenzymatic rate

reactions can be used to completely repair any single
nucleotide lesion or di-adduct (see sections 4.1 and 4.2

constant) to achieve a given rate constant. It appears to bedescribing excision repair pathways). Although some repair

generally true that enzymatic rate enhancements vary widely
and they are largely dictated by the rate of the nonenzymatic

enzymes catalyze different classes of reactions, such as the
direct transfer and oxidative removal of alkyl groups

reactions because enzymes appear to have been optimizedatalyzed by the AGT and AlkB enzymes and the direct

for enzymatic turnover on a similar time scéfeThis has
previously been considered for mainly metabolic enzymes,
but DNA repair pathways operate under a different kinetic

reversal of UV damage catalyzed by photolyase, alternative
reactions such as those of excision repair could in principle
be used (see section 4.4). The low chemical complexity of
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Figure 4. Normal and damaged bases found in DNA and their abbreviations. The base moieties for the normal nucleotides and for damaged
(A) purine and (B) pyrimidine nucleotides resulting from deamination, oxidation, and alkylation. For alkylation by monofunctional agents,
only methyl adducts are shown, but reactions with larger alkyl groups also occur, and many of these lesions are substrates for the same
repair proteins that recognize the methyl adducts. Much larger alkylation adducts (not shown) are typically repaired by the nucleotide
excision repair pathway. (C) Structure of pyrimidine dimers formed by exposure to UV light and conversion of a fiamuetheric

nucleotide into are-anomeric nucleotide by exposure to ionizing radiation.

DNA suggests that simple changes in substrate specificity this increases the number of possible genes that could be
could provide abundant possibilities for the evolution of new adapted for new enzymatic functions. The combination of
repair activities. For example, the overwhelmingly dominant large rate enhancements with broad substrate specificity is
reaction catalyzed by DNA repair enzymes is the formation expected to result in considerable catalytic promiscuity and
or cleavage of the phosphodiester bond. Phosphodiester bonthereby expand evolutionary potential.

hydrolysis is required for all excision repair pathways, The physical properties of genomic DNA, namely, its large
including mismatch repair, nucleotide excision repair (NER), size and its homogeneous structure that sequesters the
and base excision repair (BER). Phosphodiester bond forma-information-containing nucleobases, present additional chal-
tion is catalyzed by DNA polymerases and DNA ligases for lenges that must be met by any DNA repair pathway. Given
the resynthesis of DNA, and topoisomerases and recombi-the vast excess of undamaged DNA in the genome, it is not
nases catalyze both the cleavage and the ligation of phos-a trivial task to find rare sites of DNA damage. This task is
phodiester bonds to alter DNA topology and to carry out further complicated by the fact that many damaged nucleo-
recombinational repair. Indeed, the functional interrelatednessbases involve subtle changes to the chemical structure of
of topoisomerases, ligases, and nucleases has long beeBNA, such as the addition of a methyl group or elimination
appreciated, as topoisomerases are known to function aof an amino group (Figure 4). Once detected, protein-driven
ligases and nucleases on different substr&tésSuch broad conformational changes are typically required to gain access
substrate specificity could provide a favorable evolutionary to the damaged site because the base-pairing and stacking
starting point toward a variety of biological functions that interactions hide much of the DNA surface within the DNA
utilize the same or similar chemistry (Figure 2). Other DNA duplex. A ubiquitous theme in the enzymatic modification/
repair pathways are considered below to address whetherrepair of duplex DNA substrates is the use of nucleotide
broad substrate specificity is a relatively common feature of flipping or base flipping, the process whereby a nucleotide
DNA repair enzymes. If broad specificity is common, then is exposed by rotating it out of the duplex, and this ability
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appears to have independently evolved many times. Thisby enzymatic activities that exhibit broad substrate specific-
strategy is critical for allowing the active site to access the ity, with most enzymes recognizing multiple types of DNA
bonds that are being transformed. The problem of finding damage. Although several repair pathways will be discussed,
one site of DNA damage among the sea of undamaged siteghe focus will be on BER because there are many well-
appears to be addressed in part by restricting the search to @haracterized examples of BER enzymes with broad substrate
two-dimensional on& % The ability to slide along DNA  specificity, and there are several superfamilies of BER
(linear diffusion) and sample multiple sites is expected to enzymes in which individual proteins have diverged to evolve
greatly decrease the search time relative to a three-different substrate specificity or even different reaction
dimensional searcft:®2 A number of DNA repair and  specificity (see below, Tables 1, 2, and 4).
modification enzymes and transcription factors have been
shown to be capable of linear diffusion in vitro, suggesting 4.1. Base Excision Repair
that this is a general property of DNA-binding protefis?” _
The weak association with DNA that enables linear diffusion ~ PNA glycosylases constitute one of the largest classes of
appears to be largely mediated by electrostatic interactions,'ePair enzymes that scan genomic DNA in search of damaged
because this process is very sensitive to ionic strength.ases. DNA glycosylases initiate BER by flipping out the
Perhaps the best characterized example of linear diffusiondamaged nucleotide and catalyzing the cleavage of the
by a DNA repair enzyme is the ability of T4 pyrimidine N—glycq5|d|c bond to release the damaged base._ There are
dimer glycosylase (PDG) to remove multiple lesions from a Many different DNA glycosylases that have been discovered,
single molecule of DNA without dissociatidh.Mutations and their substrate spemﬂplty varies such_ t_hat d_lfferent
have been generated that compromise the ability of PDG toglycosylases are responsible for recognizing different
diffuse along DNA, thereby changing the mechanism of lesions’+—73 Howgver, in many instances therg is more Fhan
repair from a processive one to a distributive one, but do One glycosylase in a given cell that can recognize a particular
not affect the kinetics of excision once a substrate is bound. !€sion. Given the differences in size and intrinsic N-
Cells containing these distributive mutants are more sensitiveglycosidic bond reactivity of pyrimidine and purine nucleo-
to UV damage, providing compelling evidence that linear tides (Figure 3), it is not surprising that most glycosylases
diffusion enhances the efficiency of repair in vitf&? Similar prefer either purine or pyrimidine substrates. Indeed, purine-
evidence has been obtained with EcoRV, demonstrating thatspecific but not pyrimidine-specific DNA glycosylases appear
linear diffusion is important for the in vivo restriction of 0 use general acid catalysis to stabilize the purine leaving
bacteriophage DN/A? group (Figure 5)2 Both purine- anq pyrlmldlng—'sp(_emflc
These common requirements for enzyme-induced DNA glycosylases are expected to benefit from positioning and

conformational changes that provide access to the substrateactivating the nucleophile and from providing a favorable
such as nucleotide flipping, and for employment of a two- €lectrostatic environment for the stabilization of the similar

dimensional search of genomic DNA that increases the oxacarbenium-ion-like transition state that is expected in each
efficiency of lesion detection provide additional barriers to case (Figure 5), and remarkably, several DNA glycosylases
the evolution of new DNA repair enzymes. This suggests are ablg to .eff|C|en_tIy catalyze t.he excision of both purine-
that a repair enzyme with the ability to diffuse along DNA and pyrimidine-derived base lesioiONA glycosylases are
and flip out damaged nucleotides has a better chance of being?ommonly classified as either monofunctional or bifunctional
adapted by divergent evolution than another protein that €nZymes. The monofunctional glycosylases use water as the
required simultaneous evolution of these properties along Nucleophile to attack the anomeric carbon of the damaged

with the ability to catalyze the required chemical transforma- nucleotide (Figure 5), and the bifunctional DNA glycosylases
tion. use an active site amine moiety to displace the damaged base

and generate a Schiff base covalent enzyme intermediate
(Figure 6). Subsequently the covalent intermediate is pro-
cessed to generate either an AP-site-containing DNA product
Common Them?. O.f. Enzymes that have Broad (hydrolysis), a 5deoxyribosephosphate (dRP) and a 3
Substrate Specificities phosphatef-elimination; Figure 6B), or a’phosphate,'5
Damage to the nucleobases within DNA constitutes the phosphate, and oxo-2-pentenal-elimination; Figure 6A).
most common type of DNA damage, accounting for thou- Both the AP site and the nicked DNA intermediates are
sands of damaged bases per human cell everydHyese potentially mutagenic or cytotoxic lesions, because DNA
spontaneous reactions include depurination, deaminationreplication can result in either misincorporation or a double-
oxidation, alkylation, and UV-induced damage and create a stranded break. Therefore, it is critical that these intermedi-
structurally diverse array of base lesions (Figure 4). Most ates be further processed and the repair pathway be com-
of these lesions are repaired by base excision repair (BER),pleted, perhaps assisted by in vivo coordination of individual
a subset of these, particularly the bulky alkylation adducts, repair activities Although the specific pathway can vary
are repaired by nucleotide excision repair (NER), and a few considerably according to the specific repair enzymes that
specific lesions are repaired by direct damage reversal. Aare used (Figure 7), all require DNA polymerization by a
specialized DNA repair pathway, mismatch repair, exists for repair polymerase such as polymergsand ligation by a
the repair of nucleotides that are misincorporated during DNA ligase. In the case of the monofunctional DNA
DNA replication. A detailed description of each of these glycosylases, the action of an AP endonuclease and an AP
repair pathways is outside of the scope of this review, but a lyase are required to generate the fré€8! required for
brief introduction is given below to emphasize the similarities DNA synthesis and the "fphosphate required for DNA
and differences between these DNA repair pathways. Theligation.
reader is referred to recent review articles and to the other Traditionally DNA repair glycosylases have been dis-
reviews in this thematic issue on “DNA Damage and Repair”. tinguished as having either narrow or broad substrate
Remarkably each of these repair pathways is characterizedspecificity. The first DNA glycosylase to be characterized

4. Overview of DNA Repair Pathways: A
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Figure 5. Comparison of the catalytic mechanisms for monofunctional DNA glycosylases acting on (A) pyrimidine and (B) purine substrates.
The nucleotide substrate, proposed transition state (in brackets), free nucleobase, and AP site products are shown. Nonenzymatic and
enzymatic hydrolysis of pyrimidine and purine nucleotides appear to proceed via highly dissociative transition states in which there is an
accumulation of positive charge on the ribose gréuidost monofunctional glycosylases appear to utilize a carboxylate as a general base

to deprotonate the nucleophilic water molecule. Even in a dissociative transition state, modest rate enhancement can be expected from
activation of the nucleophile, and greater rate enhancement can be achieved by positioning of the nucleophile relative to the substrate.
Additional stabilization could be achieved by preferential binding to the expected planar conformation of the sugar in the transition state
and/or by electrostatic stabilization of the accumulating positive charge. Purine leaving groups can be stabilized by protonation either prior
to or concurrent with cleavage of the N-glycosidic bond, and at least some DNA glycosylases appear to use this strategy to excise purine
baseg3194.33+333 Additional differences in the binding pockets are expected given the different sizes and shapes of pyrimidine and purine
bases.

was uracil DNA glycosylase encoded by the UNG gene of uracil in either single-stranded or double-stranded DNA
E. coli,”>"® and orthologues have subsequently been found (families 1, 3, and 4) whereas the enzymes of families 2
in prokaryotes, eukaryotes, and viruses. The glycosylaseand 5 have a strong preference for double-stranded DNA.
reaction mechanism has been thoroughly dissected, and ther€onsistent with the requirement for nucleotide flipping, all
are several structures of the enzyme in complex with DRNA. of the members of this superfamily preferentially excise
UNG has exquisite specificity for dU in DNA, and it mismatched substrates in double-stranded DNA, with the
recognizes the base in either single or double-stranded DNAdouble-strand-specific enzymes showing a preference<for T
via specific hydrogen bonds (Asn123 in tBecoli enzyme G or U-G, the expected product from the deamination of
accepts a hydrogen bond fron® Wnd donates a hydrogen m°C or C (Table 1p459.78

bond to the 4-oxo group of U). A phenylalanine side chain  Although UNG is often cited as a prototypical highly
(Phe70,E. coli) makes a close contact with the bound specific DNA repair glycosylase, many closely related
substrate and is expected to cause a steric clash with theenzymes have quite broad substrate specificity. A survey of
5-methyl substituent of a bound T or*@ base. Unnatural  other known DNA glycosylases suggests that the narrow
analogues such as 5-fluorouracil are accepted as substratespecificity of UNG is the exception and that most enzymes
but they closely mimic the natural substraté® Many resemble the broadly specific UDG family members. For
paralogues of UNG have been identified, and five distinct example, the monofunctional human 3-methyladenine DNA
families of uracil DNA glycosylase (UDG) enzymes have glycosylase AAG was originally identified as the enzyme
been described that constitute a superfamily of structurally responsible for the excision of cytotoxic 3-methyladenine
homologous enzymes that have diverged from a commonlesions. The crystal structure revealed a unique fold that is
ancestor?®n contrast to the UNG family, other families  different from other known glycosylases, including the
of UDGs are characterized by remarkably broad substrate3-methyladenine DNA glycosylase AlkA frork. coli>®
specificity. As their name implies, all of the UDG super- Subsequent experiments have established that it is the
family members recognize uracil but additionally can primary DNA glycosylase for the excision of more than a
recognize damaged purine and pyrimidine bases that havedozen different lesions, including the oxidative lesions
been deaminated, oxidized, or even alkylated. The substratehypoxanthine, xanthine, and oxanine and the lesions formed
specificity of each family is distinct from one another, and from alkylation such as Né-ethenoadenine, 7-methylgua-
the specificity of enzymes within a single family can differ nine, 3-methylguanine, 7-methyladenine, and a variety of
considerably (Table 1; family 2). Some enzymes recognize larger purine 3- and 7-alkyl adducts in human cells (Figure
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Figure 6. Two enzymatic mechanisms for the initiation of repair of 8-oxoguanine lesions. (A) The catalytic mechanism of FPG, a
multifunctional DNA glycosylase that catalyzes N-glycosidic bond cleavagefahlimination®® The C1 of the target nucleotide is
attacked by the amino-terminal proline of FPG to excise the base and generate a covalent intermediate (1). General acid-catalyzed ring-
opening (2) sets up the general base-catalyzed abstraction of ly@®@gen (3) to drivgs-elimination of the 3DNA strand. A second

general base allows abstraction of the' @¢drogen (4) and-elimination of the 5strand (5). Subsequently, the enzyme catalyzes the
hydrolysis of the Schiff base intermediate to complete the catalytic cycle (6 and 7). (B) Catalytic mechanism of OGG1, a bifunctional DNA
glycosylase/AP lyase. A conserved active site lysine initiates nucleophilic attack at @& target nucleotide to form a covalent intermediate

(1). The enzyme may use general acid catalysis to shift the equilibrium toward the ring-opened form of the sugar (2). The subsequent
general base-catalyzed abstraction of & B®irogen allowss-elimination of the 3 DNA strand (3). Alternatively, hydrolysis of this
intermediate can release the AP-site-containing DNA (not shown; see the discussion of MutY, a related HhH DNA glycosylase in section
5.3). After s-elimination, hydrolysis of the Schiff base covalent intermediate generates the products of the reaction (4 and 5).

4).7281.8The family of bifunctional glycosylases related to different substrates, and the enzymes with narrow substrate
FPG is also characterized by an extremely broad substratespecificity seem to be the exception rather than the rule
range, excising a wide variety of oxidative purine and (Table 2). Both Tag and Maglll are highly specific for
pyrimidine lesions, including ring-opened formamido- 3-methyladenine, but both enzymes also excise 3-methyl-
pyrimidine derivatives of guanine and adenine, 8-oxoguanine, guanine, and Maglll also removes 7-methylguarff#g.s°
formyluracil, thymine glycol, and dihydrouracil (Figure®#). ~ As N3- and N-alkylated purines bear a positive charge
The remaining DNA repair glycosylases belong to an ex- (Figure 4), alkylation mimics the effect of protonation in
tensive superfamily of related enzymes that contain a con- acid-catalyzed depurination, and the spontaneous hydrolysis
served helix-hairpin—helix (HhH) DNA-binding motif8+-87 of these lesions is very raptd Therefore, the rate enhance-
As is the case for the UDG superfamily, the HhH superfamily ments exhibited by Maglll and Tag are quite small and may
members have diverged to accept a wide variety of very preclude these enzymes from having reasonable excision
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Figure 7. Base excision repair can follow one of several distinct biochemical pathways. If the base lesion (X) is recognized by a
monofunctional DNA glycosylase (left pathway), then the subsequent actions of an AP endonu¢ldasgyfbosephosphate (dRP) lyase,
DNA polymerase, and DNA ligase are required to complete the repair pathway. If a bifunctional DNA glycosylase initiates repair by
excising the base and catalyzifieelimination (center pathway), then the AP endonuclease and dRP lyase are replacédkgraidlease
that generates a fre&®H. If a bifunctional enzyme catalyzgs)-elimination (right pathway), then d-Bhosphatase is required. Remarkably,
in many organisms the'-phosphatase reaction can be performed by thex8nuclease (e.g., Xth i&. coliand APNL1 inS. cereisiae
Table 3). These pathways reflect the minimal biochemical pathways, and additional complexity is known to occur as this is not always a
linear pathway. For example, repair synthesis by a DNA polymerase can cause strand displacement, in which case the endonuclease activity
of FEN-1 is required to process the resultingoBerhang prior to ligation.

rates for stable lesiorfé8°Remarkably, the HhH superfamily  glycosylase toward each possible substrate. In many cases,
members contain both monofunctional and bifunctional the activity of additional enzymes in vivo can mask the more
enzymes, and these functional differences will be discussedmodest contribution of an enzyme toward its alternative
below (see section 6.1). substrates. A particularly powerful approach for the identi-
Genetic and biochemical methods have been effective infication of alternative substrates involves the damage of DNA
discovering and characterizing the primary repair activities in situ, employing gas chromatography/mass spectrometry
of DNA repair glycosylases, but activity toward alternative to isolate and identify the base lesions released by a purified
substrates can be difficult to detect and can often only be enzymée®*~% Given sufficient levels of damage and sufficient
characterized by systematically examining the activity of each repair activity, this approach has the potential to identify
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Table 1. Substrate Specificity of Members of the Uracil DNA Glycosylase Superfamity

enzyme primary substrate(s) additional substpates preferred DNA

Narrow Specificity

UNG (family 1)'7.78 U-purine,F*U-purine ssl/ds

Tth UDG (family 44 U c ss/ds
Broad Specificity

MUG (family 2)78:315 U-G, €C-G, F°U-G, ho*h,U-G U-A, €A-G, Hx*G,hmU-G, T-G ds

TDG (family 2)78:316:317 T-G,U-G,eC-G,Tg-G T-CIT, F°U-G, Hx ds

SMUGL1 (family 3)7:318-322 U-purine,hmU-purine,F>U-purine ho°C, ho®h,U, f°U, €C ss/ds

Pa UDGDb (family 557 U, hmu, PU, €C, Hx ds

aMany of these glycosylases prefer mismatched substrates. In the cases for which a strong preference for the identity of the opposing base is
known, the base pair is shown with the excised base highlighted in bold-faced type. The abbreviations and structures of the bases are shown in
Figure 4." Excision of these lesions has been reported but1# the rate at which the best substrate is excis&this enzyme has recently been
discovered, and there are not yet extensive reports on additional substrates.

Table 2. Substrate and Reaction Specificity of the HelixHairpin —Helix Glycosylased

enzyme primary substrate additional substrates lyase?
Narrow Specificity
Tag ntA m3G no
Maglll meA m3G, m'G, nfA no
PDG (EndoV) thymine dimers FapyA, FapyG yes
MutY A-8-0x0G Hx-8-0x0G,A-G/C, G-8-0x0G yes
0GG1 8-oxoGC FapyG, MeGapyG yes
AGOG 8-0x0G (T, C, G, A, ss) b yes
Broad Specificity
AlkA/Mag1l meA, m?T, m2C m’'G, m’A, Hx, €A, €C no
Endolll (Nth) Tg, urea, htC, hU, FapyG heJ, MeFapyG yes
MBD4 TG, Tg U, T-mfG no
MIG U-G, T-G A-G no

aMost of these glycosylases prefer mismatched substrates. In the cases for which the enzyme is known to have a strong preference for the
identity of the opposing base the base pair is shown with the substrate base highlighted in bold-faced type. The abbreviations and structures are
shown in Figure 4° This enzyme has recently been discovered, and additional substrates have not yet been tested.

novel substrates that are repaired via excision repair path-faithful DNA replication!®® Polymerases are thought to
ways. Even low levels of activity toward alternative sub- achieve this specificity largely via shape recognition of the
strates that may not be significant in the biological sense normal base pairs and steric exclusion of mismatéfres.
provide an opportunity for diversification of enzymatic Consistent with this notion, a wide variety of synthetic base
function in the evolutionary sense. Contrary to initial pairs can be toleratéd? and base lesions that interfere with
expectations, it appears that broad substrate specificity is anormal hydrogen bonding cause stalling or misincorpora-
relatively common feature of DNA repair glycosylases. tion.! These principles appear to be generally true for
Although most glycosylases appear to have a single preferredreplicative polymerases. However, several additional families
substrate and exhibit substantially lower rate enhancementsof DNA polymerases have been identified that appear to
for the other substrates (Tables 1 and 2), even low levels offunction in DNA repair. These enzymes are characterized
activity can be effective in repairing DNA damage because by greatly decreased fidelity for normal base pairs, and they
most DNA-damaging events are infrequent. have been shown to be able to bypass a wide variety of

The DNA repair intermediates generated by the action of lesions by incorporating an appropriate or inappropriate
monofunctional and some bifunctional DNA glycosylases nhucleotide. These error-bypass polymerases belong to the
must be further processed by AP endonucleases and/osame superfamily as replicative polymerases and share many
phosphodiesterases to generate thiey8iroxyl required for mechanistic and structural features, but they evolved to have
replacement synthesis by a DNA polymerase and the distinct patterns of substrate specificif.!04102

S'-phosphate required by DNA ligase (Figure 7). The AP Similar to the replicative DNA polymerases, DNA ligases
endonucleases and repair phosphodiesterases have remarkiso show high specificity for the correct DNA ends, and
ably broad substrate specificity and many also exhibit the presence of damaged nucleotides, nucleotide gaps, or base
catalytic promiscuity, processing multiple types of damaged mismatches all greatly decreases the catalytic efficiency for
DNA and repair intermediates. Several superfamilies of |igation1°6-112 However, human DNA ligase | ligates the 3
phosphodiesterases/phosphatases have been identified, andH of an RNA strand to the'Shosphate of a DNA strand
they are discussed below (Tables 3 and 4; sections 5.1 andyith the same efficiency as it ligates a nicked DNA
5.2). In addition to their roles in base excision repair, some sybstraté!2113and T4 DNA ligase is capable of joining RNA
of these enzymes make additional contributions to DNA or DNA oligonucleotides in a variety of combinatiot.
repair capacity by acting as endonucleases at sites of DNASeveral DNA ligases are able to ligate DNA across a
damage to initiate nucleotide incision rep®ir:% 1 nucleotide gap, albeit with decreased efficiefféy14

Exquisite specificity for WatsonCrick base pairs is a  These observations reveal that the biological imperative for
hallmark of the DNA polymerases involved in DNA replica- replicative DNA polymerases and ligases to exhibit high
tion, and this ability to recognize all four natural base pairs fidelity does not prevent them from accepting alternative
and discriminate against possible mismatches is critical to substrates.



Evolution of DNA Repair Enzymes Chemical Reviews, 2006, Vol. 106, No. 2 731

4.2. Nucleotide Excision and Mismatch Repair Both pathways have an inherent broad substrate specificity
Pathways built in, because damage recognition is physically separated
. . . ) ) . from damage excision. Damage recognition relies on a
Bulky DNA lesions, including UV-induced intrastrand di-  change in the local conformation of damaged DNA, and the
adducts, are typically repaired via the nucleotide excision g,psequent incision does not occur at the site of damage so
repair (NER) pathway. This repair occurs via remarkably the reaction can be optimized for normal DNA. The
similar mechanisms in prokaryotes and eukaryotes, given thalconyergent evolution of these functionally similar repair

_the individual proteins are not conserved and appear to havepathways with broad substrate ranges suggests that such a
independently evolved via convergent evoluiéh-!6In both strategy has been advantageous.

prokaryotes and eukaryotes NER involves low-specificity
recognition of the DNA damage, ATP-dependent unwinding ; . :
of the DNA by one or more helicases that allow for increased 4.3. Nucleotide Incision Repalr
specificity via kinetic proofreading, and removal of a  In addition to the excision repair pathways described
damage-containing oligonucleotide by endonucleolytic inci- above, most cells have a distinct conserved pathway for
sions on both sides of the damaged nucleoti&€ In repairing damaged nucleotides that has been called nucleotide
prokaryotes this pathway is initiated by UvrA, UvrB, and incision repaif’126 This pathway uses some of the same
UvrC, and in vitro reconstitution has established that these enzymes that function in BER, but it differs in that the
proteins are sufficient to carry out the dual excision of an endonucleases are responsible for the initial recognition of
oligonucleotide that is 1213 nucleotides in lengtk? DNA damage. Once bound to a site of damage they catalyze
Subsequent action of UvrD, DNA polymerase I, and DNA the hydrolysis of the phosphodiester backbone on the 5
ligase completes the repair. In eukaryotes, RPA, XPA, and side of the damaged nucleotide. Both the APE1/Xth and the
XPC are responsible for recognizing the DNA damage, Nfo superfamilies that constitute the major endonucleases
TFIIH unwinds the local DNA duplex in an ATP-dependent  in mammalian and prokaryotic cells, respectively, have been
manner, and the incision nucleases XPG and J&REC1 shown to recognize a variety of oxidative lesions, bulky alkyl
are recruited to excise the damage-containing oligonucleotideadducts, and some unusual sugar modifications such as
that can be anywhere from 24 to 32 nucleotides in o-anomeric nucleotides (Figure 4&7100127129 Thjs proad
length!1>116.121.122 After excision, the normal replicative  substrate specificity that has independently evolved in two
machinery of RFC, PCNA, and polymeraéé: fill in the families of functionally homologous, but structurally distinct
gap, and the nick is sealed by DNA ligase |. Given their enzymes, is discussed in more detail below (see sections 5.1
independent origins, it is not surprising that there are and 5.2). In many cases, these same damaged bases that are
mechanistic differences between prokaryotic and eukaryoticthe substrates of nucleotide incision repair can also be
NER, but rather it is remarkable that there is so much in recognized and excised by DNA glycosylases. For example,
common. in human cells oxidative lesions such as dihydrothymidine
The mismatch repair (MMR) pathway is responsible for and dihydrodeoxyuridine can be recognized by either APEL1,
the repair of single base mismatches or small nucleotide the major endonuclease, or by TDG, a mismatch-specific
insertions/deletions, usually resulting from errors during monofunctional DNA glycosylas®.
DNA synthesisi?®125 In prokaryotes, mismatched DNA is
recognized and tightly bound by the MutS homodimer, a 4.4. Direct Damage Reversal
MutL homodimer is recruited, and this complex translocates
away from the mismatch in an ATP-dependent manner until  There are several known families of proteins that perform
a hemimethylated GATC site is located, at which point the direct reversal of DNA damage without the synthesis of new
MutH endonuclease can be recruited and the newly synthe-DNA (direct reversal of damage). One of these families, the
sized (unmethylated) strand is nicked. UvrD helicase is photolyase family, catalyzes the photoreversal of UV-induced
employed to unwind the DNA, and the damaged strand is intrastrand di-adducts and has narrow substrate specificity,
exonucleolytically degraded by exonuclease | if the nick was repairing specific photoproducts. Two other families, the
created on the '&ide of the mismatch and RecJ or exo- alkylguanine alkyltransferase (AGT) family and the AkB
nuclease VII if the nick was created on theside of the ~ family of DNA demethylases, function in the repair of
mismatch. The resulting gap-( kb) is filled in by DNA alkylation damage and have broader substrate specificity,
polymerase lll, and the nick is sealed by DNA ligase. In repairing a variety of different base adducts. Although both
eukaryotes the MutS homodimer is replaced with one of two AGT and AIkB convert alkylated bases directly to the parent
MutS-like heterodimers, Mutd and Mut$, that have unmodified bases, they do so by very different mechanisms.
distinct damage specificities. There does not appear to be aDNA ligases directly repair single-strand and double-strand
eukaryotic homologue of MutH, and it is not clear how the breaks that have a@phosphate and a-Bydroxyl.
newly synthesized strand is identified although it is possible  Photolyases repair UV-induced pyrimidiapyrimidine
that nicks associated with DNA replication are used as sitescross-links such as a cyclobutane pyrimidine dimer (CPD)
to load the exonucleases and helicases. or a 6-4 photoproduct (64PP) by directly reversing the
The NER and MMR pathways share some general cross-link (Figure 4C)'®130.131 This unusual mechanism
mechanistic features, despite the fact that different complexesrelies on two chromophores, a flavin and a methenyltetra-
of proteins are involved and that the method of damage hydrofolate, to harvest blue light and it involves electron
removal differs (oligonucleotide excision in the case of NER transfer from the flavin to break the DNA cross-link.
and exonucleolytic digestion in the case of MMR). Both of Structural information is available for the interaction of
these pathways are initiated by endonucleolytic cleavage thatphotolyase with a CPD lesion, and the results from X-ray
is directed by a multiprotein damage recognition complex, crystallography and NMR studies provide insight into the
both require ATP hydrolysis, and both involve excision and mechanism that this enzyme uses to flip out the sterically
resynthesis of a relatively large region of undamaged DNA. hindered base cross-link and place it in close proximity to
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the flavin cofactoP8131.132Gjven the steric restraints imposed at least two DNA ligases, commonly referred to as DNA
by these unusual di-adducts and by the electron-transferligase I, which specializes in ligation of single-strand breaks
reaction that is catalyzed, it is not surprising that these (nicks), and DNA ligase 1V, which specializes in ligation of
enzymes repair either CPD or-@PP lesions but not both.  double-strand breaks. All excision and incision repair mech-
Although humans have two proteins that are closely related anisms ultimately require ligation to complete the repair
to DNA photolyase, they do not have a functional photolyase. pathway. Although ligases are completely dependent upon
Instead these homologous proteins utilize the conserveda 5-phosphate and-3H and most can discriminate against
cofactors as photoreceptors for blue light and appear to bemismatches at the DNA ends, several alternative reactions
involved in resetting the circadian cloé¥. have been observed (see section 5.7).

The biological reversal of DNA alkylation follows at least , , ,
two distinct mechanisms, direct transfer via nucleophilic 4.5. Gratuitous Repair: The Price of Broad
attack on the alkyl group and oxidation and elimination of Substrate Specificity
the alkyl group. Human AGT anB. coli Ada are the best

characterized examples of the alkyltransferases, and their Many DNA lesions differ from normal DNA by only one
. lz€d examples ot i A < or a few atoms, and thus repair enzymes face the difficult
primary biological function is the repair @®-alkylguanine

: . . X task of distinguishing sites of damage from the vast excess
lesions, because these lesions are highly mutagenic and they s, 4amaged DNA. This has led to the notion that repair
ire not rea;jhny gcolgn;zte(ilj Ey other reé)glr lpkaltphw’é%? enzymes must have extremely narrow substrate specificity.
c :r\:v :I\g%r’b% rgz:og_r?iz)elda t% a Szfjhzugxterﬁ %hegemg]riteinsHowever' the accumulated data regarding the specificity of
bind to alkylated DNA and transfer the alkyl adduct from repair enzymes suggests that this is the exception rather than

the nucleobase to an active site cysteine. Each protein ca the rule. As discussed above, DNA glycosylases show

only carry out the reaction once, because the free active sitg emarkably broad substrate ranges, and even the highly

. specific enzymes have some capacity for accepting alterna-
cysteine cannot be regenerated from the alkylated form of ti\F;e substra%/es (Tables 1 and 2)p. M(t)ét repair gnz;?mes can
the protein. However, removal of the cysteine by mutation recognize multiple substrates, and this property is at odds
allows the mutant Ada to use methanethiol as an exogenou

| hil dt tinatrul i KBLh Swith exclusion of normal DNA. In fact, there is consider-
nucieopniie and to act in a truly enzymatic manfii€iinere. g0 eyjidence that DNA repair enzymes are not infallible
is evidence that a similar direct transfer mechanism has

evolved independently. because the amino terminus of theand their specificity is not absolute. Several BER and NER
Ad tei P tai Y, dd in that is structurall enzymes have been shown to act on normal undamaged
i ? p:o elr(; c:;ﬁntams a secon Ikolmaﬂn ﬁ tIS ts_ruc; urally pNA,40.146-149 and this phenomena has been termed gratu-
DIEIEE% ins i tr?e (rzz(;(()ag%rzfnshoat‘olzaspe Otig :rr?ing-?greri]rﬁ] alln itous repairtt>116.147.15The existence of gratuitous repair may
domain of Ada is highly specific for a single type of DNA provide selective pressure to keep catalytic power in check.

damaae. catalvzing the transfer of an alkvl aroup from the Larger rate enhancements would result in greater levels of
S-stergeo,isome>r/ to %n active site cysteineY chructrl)Jres of th gratuitous repair by broadly specific enzymes, and there may

e . K . .

. ; be no biological requirement for very fast rates of repair.
enzyme in complex with both DNA substrate and product a4 gratuitous repair is not necessarily mutagenic and
reveal the origin of this stereospecificity and suggest that it

2 : / completion of the repair is likely to restore the original
;';lgumlgrs?i difficult for a single protein to detect both sequence, it is energetically wasteful and it does provide

additional opportunity for mistakes to be made. Furthermore,
The family of enzymes related to AIkB dE. coli also  gratuitous repair could target sites of damage in an undirected
catalyzes the removal of alkyl adducts from either single- way. For example, a glycosylase capable of excising normal
stranded or double-stranded DNA without excision of the bases could cause mutations by removing the correct base
alkylated base. These enzymes can accept 1-alkyl adductsrom a damage-induced mismatch, leaving the repair poly-
of A-and G and 3-alkyl adducts of C and T, recently have merase to use the damaged base as a template. It is likely
been shown to reverse the etheno addadtsindC, and  that the catalytic efficiency of repair enzymes reflects a
thus have a remarkably broad substrate specificity, reminis- compromise between sufficiently fast repair of damaged
cent of the broadly specific DNA glycosylasg$:** 144 This DNA and an acceptable level of gratuitous repair of
broad substrate specificity is particularly remarkable in light undamaged DNA. Conversely, some level of gratuitous repair
of the unusual reaction mechanism that involves the hy- js likely to be an unavoidable consequence of a broadly
droxylation of the lesion’s alkyl group (Figure 1C; see section specific repair system, and the widespread existence of such
6.3) and suggests that narrow substrate specificity is not ansystems in nature suggests that this detrimental effect is
absolute prerequisite of repair proteins that catalyze direct counteracted by the efficiency and perhaps the adaptability

repair. of enabling a single repair enzyme to repair multiple types
DNA ligases use the energy of either ATP or NAD of damage.

hydrolysis to directly rejoin a DNA strand bre&:111.145 The gratuitous repair catalyzed by the BER glycosylases,

Eukaryotic enzymes typically use ATP, whereas different AIKA and AAG, provides insight into the possible biological

prokaryotic enzymes utilize either ATP or NAD Irrespec- and evolutionary significance of gratuitous repair. Presum-

tive of the cofactor, all ligases form a covalent enzyme ably the broad substrate specificity of these enzymes is
AMP intermediate via an active site lysine. In the second advantageous because alkylation damage results in a great
step of the reaction the AMP group is transferred to the 5 structural diversity of adducts (Figure 4), and many enzymes
phosphate to form a'55'-phosphoanhydride linkage. Fi-  with narrow specificity would be required to repair damage
nally, attack by the 30H displaces AMP to restore the caused by a single alkylating agent. However, a consequence
phosphodiester bond. It is remarkable that these enzymesof this broad specificity is that normal bases are also excised
have evolved to carry out three distinct chemical transforma- to some exterf?146.148.14RemarkablyE. coli AIKA catalyzes

tions in a single active site. Eukaryotic cells typically have the excision of normal purines with the same rate enhance-
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ment as for the excision of methylated purines, although the enzymes. For example, many DNA glycosylases preferen-
absolute rate constants favor excision of the damagedtially excise substrates from mismatched base pairs, and
bases?%14%In E. coli, the adaption to alkylation response others can bind mismatched nucleotides that are not
allows cells to detect alkylation damage and induce expres- substrate4?:54:59.60.78,149,15458
sion of the enzymes involved in the repair of alkylation  Broad substrate specificity, such as that exhibited by DNA
damage, AIKA, AlkB, and Ada%®* The high level of these  repair enzymes, provides a relatively high probability
repair proteins provides greater capacity to withstand exog- pathway after gene duplication for the evolution of enzymes
enous alkylating agents. It is tempting to speculate Ehat  that catalyze new reactions that are mechanistically quite
coli keeps the gratuitous repair catalyzed by AIKA in check similar to already existing biological reactions. Catalytic
by repressing its expression until its repair activity is needed. promiscuity, as discussed below, expands the number of
Consistent with this idea, the overexpression of either AlkA possible gene duplications that have the potential to evolve
or its yeast homologue, Mag1, results in increased rates ofactivity toward a new reaction (e.g., a new phosphatase could
mutation in bothE. coli and yeast!®!5! Interestingly, the  come from an already existing phosphatase, or it could come
human functional homologue AAG exhibits lower levels of from any number of other enzymes that are not phosphatases
gratuitous repair and is constitutively expressed. Thus, the but have latent or existing promiscuous phosphatase activity).
factors that enter into establishing a baseline for acceptableAdditionally, catalytic promiscuity increases the opportunity
gratuitous repair are complex. The actual threshold at which for the expansion of current catalytic potential with new types
gratuitous repair could be selected against depends not onlyof chemical transformations and new catalytic mechanisms
on the rate of initiation of gratuitous repair but also on the for already existing biological reactions.
abundance and regulation of the repair protein, the acces-
sibility of the protein to DNA, the fidelity of the repair 5. Examples of DNA Repair Enzymes that Exhibit
pathway, and the full complement of other repair processes Catalytic Promiscuity
available in the cell. At some level gratuitous repair is an
unavoidable consequence of a broadly specific repair system, To highlight the possible role of catalytic promiscuity in
and the widespread existence of such systems in naturethe divergent evolution of DNA repair enzyme superfamilies,
suggests that this detrimental effect is counteracted by thethe individual examples are broken down into two sections.
greater economy or perhaps the adaptability of enabling |n the first section, examples of DNA repair enzymes that
repair of multiple types of damage by a single enzyme.  exhibit catalytic promiscuity are presented (Table 3), and
the possible significance of this promiscuity in the diversi-
4.6. Possible Role of Broad Substrate Specificity fication of the superfamily is discussed. In section 6,
in Divergent Evolution of New Repair Activities examples of functionally diverse enzyme superfamilies that
are not necessarily known to exhibit catalytic promiscuity
are presented (Table 4). In these cases, catalytic promiscuity
by an ancestral enzyme could have facilitated the evolution-
ary diversification of enzymatic function even though
promiscuity may no longer be detected. A few examples from
each table have been selected for further discussion to
illustrate the different ways that catalytic promiscuity can
be manifested and the types of divergent evolution that have
occurred.

It is evident that DNA repair enzymes have a great
capacity for accepting alternative substrates that differ
considerably in their size, net charge, and hydrogen-bonding
ability. The pervasiveness of broad specificity suggests that
this strategy may provide a selective advantage over an
enzyme with a narrow specificity. Broad specificity allows
a single enzyme to protect against multiple types of DNA
damage but more importantly could provide some capacity
to repair new types of damage and thereby provide a starting
point for the evolution of a new repair activity. Indeed, repair :
enzymes with broad substrate specificity are able to recognize5'1' Exonuclease Ill/DNase | Superfamily
and repair a variety of lesions that natural evolution has not  Exonuclease Il (Xth) fromE. coli was one of the first
yet selected for, such as 5-fluorourdgi?and 3-azido-3- enzymes found to carry out two distinct types of chemical
deoxythymidine (AZT):*3Even a very low level of activity  reactions at a single active site, catalyzing the hydrolysis of
toward a new type of DNA damage is expected to provide both phosphomonoester and phosphodiester substiéies.

a favorable starting point for divergent evolution, because its name implies, it is an exonuclease capable of catalyzing
even single mutations can provide large changes in specific-the hydrolytic release of singlé-phosphonucleotides from
ity. Indeed, the results from rational protein engineering and the 3-end of double-stranded DNA (Figure 8). The exo-
in vitro evolution suggest that mutations affecting specificity nuclease activity has a remarkably broad substrate specificity,
are relatively common (see section 7 and Table 5). and in addition to normal nucleotides, Xth also catalyzes

For enzymes that bind to and catalyze transformations of the removal of damaged nucleotides and sugars, such as 3
DNA, it is expected that many of the features of the reaction deoxyribose-5phosphate and’$hosphoglycolate that can
with the physiological substrate(s) will advance activity result from free radical damage of DNA? 163 Xth also has
toward other substrates. For example, the presence of onex robust AP endonuclease activity, cleaving the DNA
or more DNA-binding sites and a mechanism for stabilizing phosphodiester backboned the AP site to generate a free
an alternative conformation of DNA would each provide 3'-hydroxyl and 5-deoxyribosyl phosphate group, and it is
considerable advantage in binding of substrate. In addition,the major AP endonuclease i&. coli'®41%> Xth has a
many repair enzymes appear to be able to detect changes ilamage-specific endonuclease activity at other damaged sites,
the regular structure of DNA, and hence new sources of most notably at fragmented bases such as Nrgbycosides
damage that destabilize the DNA helix might be expected (Figure 4)%61%6Xth has also been shown to have an RNaseH-
to elicit a similar binding response. This has long been like activity, preferentially cleaving the RNA strand of a
recognized for the damage sensors that are involved in NERDNA-RNA hybrid 167:168Although this RNaseH-like activity
and MMR, and it also appears to be true for many BER is conserved among some of the other proteins of the
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Table 3. DNA Repair Enzymes Known to Exhibit Catalytic Promiscuity

O'Brien

enzyme normal reaction promiscuous reaction
AlkB oxidative dealkylation of alkylated catalyzes the oxidation of Trp to
bases (E-N and C-O cleavage) form a blue chromopho?&
AGT direct transfer of an alkyl group from 1. reacts with bifunctional
alkylated DNA bases (€0 cleavage) electrophiles, forms cross-link to
DNA219,221,324
2. covalent modification by
aldehyde®®and a variety of
electrophiled”
cytosine methyl transfer (€-C bond formation) hydrolytic deamination of C and
methyltransferases m°C (C—N cleavage¥? 204
dCTP deaminase/dUTPase 1. phosphodiester hydrolysi®©{P bifunctional enzym#?®.200

DNA ligase (T4)

hydrolysis ofa—f phosphoanhydride bond)
2. deamination of dCTP (€N bond hydrolysis)

phosphodiester bond formatior-(®)

AP lyase activity (€O cleavage¥?

DNA ligases phosphodiester bond formatior+®) covalent modification by pyridoxal
phosphate via active site lysitie
EndolV (Nfo), 1. phosphodiester hydrolysis{®) bifunctional enzymé§3.242,327.328
APN1, APN2 2. phosphomonoester hydrolysis-(®)
Exolll (Xth), 1. phosphodiester hydrolysis{f®) bifunctional enzymé§®:163
DNase |, APE1 2. phosphomonoester hydrolysis()
FPG (MutM), 1. N-glycosidic bond hydrolysis (€N cleavage) bifunctional enzynf@g3
EndoVIII (Nei), 2. lyase;s,0-elimination (C—O cleavage)
NEIL1, NEIL2
G3PD glyceraldehyde 3-phosphate dehydrogenase uracil DNA glycosylase (EN cleavage’*®24°

HhH glycosylases:
OGG1, Endolll,
PDG (EndoV), (MutY)

(oxidative phosphorylation: €0 formation)

1. N-glycosidic bond hydrolysis{N cleavage)
2. Lyase;s-elimination cleavage of
DNA backbone (G-O cleavage)

bifunctional enzynv@g?

exonuclease Il superfamily, the physiological significance domain of LINE elements (sequence-specific endo-
of this activity is not known. In the biological sense, each nucleases)/”"18 the catalytic domain of structure-specific
of these biochemical activities serves a distinct function in endonucleases including XPG and flap endonuclease |
dealing with different types of damaged DNA: DNA-3 (FEN-1)18%185 and sphingomyelin-specific phosphodi-
5'-exonuclease for resection of DNA ends at strand breaks, esteraség®'8¢are also closely related (Table 4). These latter
DNA endonuclease for cleaving at sites of damage, 3 families of enzymes are not known to exhibit phosphatase
phosphoglycolate exonuclease ariedRP exonuclease for  activity but share conserved catalytic groups with the
processing damaged DNA ends, and DNA-directed RNA exonuclease-lll-related nucleases and catalyze phosphodiester
endonuclease for removing ribonucleotides from DNA. bond cleavage via a similar divalent metal-dependent reaction
Although these reactions have important differences, all are mechanism. A conserved metal binding mG#t®” and
classified as phosphodiester hydrolysis, and it is envisionedextensive structural homolo§¥ strongly suggest that a
that each of these different polynucleotide substrates can befamily of inosine-5-phosphatases also belongs to this super-
accommodated in the active site in a similar manner, with family (Table 4). These phosphomonoester hydrolases are
the same catalytic groups providing the same or very similar not known to catalyze phosphodiester hydrolysis, but they
catalytic mechanism. However, in addition to these phos- appear to have mechanistic similarities with the exonucleases.
phodiesterase reactions, Xth also has a vigorous phosphatas€hus, the exonuclease Il superfamily of enzymes has
activity releasing 3phosphates from double-stranded DNA diverged to recognize different substrates and to catalyze
to generate free'3OH ends. As phosphomonoesters and different types of reactions: phosphodiester hydrolysis of
phosphodiesters differ in size, charge, and transition statephospholipids, phosphomonoester hydrolysis of inositol
structure, it was unexpected that a single active site could polyphosphates, or both phosphomonoester and phosphodi-
catalyze both types of reactioff8.1"* Several types of DNA  ester hydrolysis of DNA substrates. This divergent evolution
damage can result in the formation ¢ffhosphates, includ- s likely to have been facilitated by the catalytic promiscuity
ing S,0-elimination catalyzed by bifunctional DNA glyco- of a common ancestor of this superfamily.
sylases and radiolytic cleavage of DNA (reviewed in ref 163).
Crystal structures of. coli exonuclease 11172 bovine
DNase I} and human APEZ+ 176 revealed that these
enzymes belong to a superfamily of nucleases that are likely
to have evolved via divergent evolution from a common  Convergent evolution has given rise to a functionally
ancestor. Many of these enzymes have been extensivelysimilar but structurally distinct family of broadly specific
characterized and shown to also have broad substratgophosphodiesterases/phosphatases typified . bgoli endo-
specificity and catalytic promiscuity (Table 3). In addition nuclease IV (Tables 3 and 4). Endonuclease IV and its
to these broadly specific exonucleases, the endonucleaséiomologues APN1/APN2 ifs. cervisiae exhibit phosphodi-

5.2. Endonuclease IV and the Xylose Isomerase
Superfamily
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Table 4. Mechanistically and Functionally Diverse DNA Repair Superfamilied

superfamily name enzyme(s) reaction bond type
a-ketoglutarate-dependent AlkB, ABH2, ABH3 direct reversal of DNA alkylation ecC
dioxygenases (cupins) clavaminate synthase hydroxylation, ring formation, desaturation —O, G=C
isopenicillin synthase ring formation €N, C—S
taurine dioxygenase oxidative elimination of sulfite —0,C-S
DNA/RNA polymerases DNA Pol | family high-fidelity DNA synthesis P-O
Y-family lesion bypass lower fidelity DNA synthesis P-O
reverse transcriptase RNA-templated DNA synthesis —OP
T7 RNA polymerase DNA-templated RNA synthesis —0
RNA-dependent RNA Pol RNA-templated RNA synthesis —®
DNA ligase DNA ligase (ATP-dependent) adenylation, ligation of DNA PO
DNA ligase (NAD"-dependent) adenylation, ligation of DNA PO
RNA ligase adenylation, ligation of RNA O
MRNA capping enzyme guanylation of mMRNA —©
DNasel metallo- DNase | exonuclease, endonuclease, phosphatase —OP
phosphoesterases Exolll exonuclease, endonuclease, phosphatase —OP
APE1 exonuclease, endonuclease, phosphatase —OP
L1 endonuclease (human) sequence-specific endonuclease —O P
TRASL1 endonuclease sequence-specific endonuclease —O P
sphingomyelinase phosphodiesterase —CP
inositol polyphosphate- phosphatase +0
5-phosphatase
dUTPase/dCTP deaminase dCTP deaminase/dUTPase deamination of dCTP, dUTPase —0l, P-O
dCTP deaminase deamination of dCTP —<
dUTPase dUTP pyrophosphatase -0
FPG FPG/MutM DNA glycosylase/lyase €N, C-0
glycosylases/lyases Nei, NEIL1, NEIL2, NEIL3 DNA glycosylase/lyase €N, C—0
HAD/phosphohydrolases haloacid dehalogenase (HAD) dehalogenation —CI,C—Br
3'-phosphatase (Tppl) DNA phosphatase O
3'-phosphatase of PNKP DNA phosphatase +O
5'—3'-deoxyribonucleotidase dUTP hydrolysis P-O
phosphonoacetaldehyde hydrolase hydrolysis of phosphonate —P C
phosphoserine phosphatase hydrolysis of phosphoserine —-OP
B-phosphoglucomutase mutase —0
RNA Pol Il CTP phosphatase protein phosphatase —OP
P-type ATPases ATPase -
HhH DNA glycosylases Endolll, PDG (EndoV), MutY, N-glycosylase, AP lyase €N, C—0
OGG1, AIkA, MBD4, MIG, Tag N-glycosylase EN
Hsp90 (GHKL Hsp90 ATPase, chaperone for protein folding €
ATPases/kinases) DNA gyrase ATPase, rearrange DNA topology —
MutL, PMS2 ATPases involved in mismatch repair —P
CheA-like histidine kinases uses ATP to phosphorylate histidine —OPP—N
metallof-lactamase Zn-dependefactamases hydrolysis gflactam antibiotic cC
Artemis, DNA repair nucleases phosphodiesterase —0
glyoxalase Il thiolesterase €S
rubredoxin/oxidoreductase reduction of molecular oxygen —@a
nucleotidyl transferases DNA polymerasef DNA-templated DNA repair synthesis 0
DNA polymerasei DNA-templated DNA repair synthesis i
terminal dNMP transferase nontemplated DNA synthesis il
poly(A) polymerase nontemplated RNA synthesis —®@
kanamycin nucleotidyltransferase NMP transfer to kanamycin —OP
RelA/SpoT ppGpp synthesis i)
Nudix hydrolases MutT 8-0xoGTP pyrophosphatase, 8-oxoGDP —@
ADP-—ribose pyrophosphatase phosphatase —OP
isopentenyl diphosphate isomerase isomerization of double bond —CC
P-loop nucleoside triphosphate  kinase domain, PNKP phosphorylates'SOH of DNA P—0O

hydrolases

phospholipase D

photolyase

purple acid phosphatases

Cam phosphotransferase
adenylate kinase
PAPS sulfotransferase
G-proteins
motor proteins
helicases
RecA ATPase
MutS ATPase

phospholipase D
Tdpl
bacterial nucleases
DNA photolyase
cryptochromes

purple acid phosphatases

Mrell
exonuclease ShcD
calcineurin

phosphorylates chloramphenicol antibiotic —O P

transfers phosphate group to AMP —OP
transfers sulfate group —0S
GTPase, diverse signaling functions €
ATPase, generation of mechanical force —OP
ATPase, unwinding of DNA or RNA —©
ATPase, recombinational repair B
ATPase, mismatch repair O
phosphodiester hydrolysis —OP
phosphodiester hydrolysis of covalent DNA —P
protein phosphodiester hydrolysis —OP
light-induced repair of pyrimidine dimers -€C
light-induced signaling
phosphatase (small molecule substrates)—0O P
DNA repair nuclease PO
DNA repair nuclease PO
protein phosphatase —0
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Table 4 (Continued)
superfamily name enzyme(s) reaction bond type

restriction endonucleases restriction endonucleases class I/l site-specific endonuclease -0 P
MutH endonuclease, mismatch repair —0
Endol (Holliday junction resolvase) structure-specific endonuclease —06
XPF nuclease structure-specific nuclease (NER) —P
VSR endonuclease repair endonuclease -

ribonuclease H ribonuclease H RNA hydrolysis, RNA-DNA hybrid P-0O
flap endonuclease | (FEN-1) structure-specific endonuclease —0e
MutS ATPase P-O
retroviral integrase DNA integration (phosphotransesterification) —OP
Mu transposase integration -
DNAQ/exonucleases 3'—5-exonuclease PO
RuvC/RuvX Holliday junction resolvases O

SAM-dependent cytosine methyltransferases m°C synthesis in DNA cC

methyltransferases adenosine methyltransferases m°®A synthesis in DNA C-N

thymine methyltransferases m*T synthesis in DNA cO
CheR methylation, two component signaling —0
catecholO-methyltransferase methylation of catechols —C
histone Lys methyltransferases methylation of histones —NC

Toprim topoisomerase IA, Il phosphodiester transesterification —0
DNAG primase P-O
old family nuclease nuclease PO

xylose isomerase xylose isomerase sugar isomerase —CC
EndolV, APN1, APN2 endonuclease, exonuclease, phosphatase —OP

a2 DNA repair enzymes are indicated in bold-faced type. Superfamily names refer to the founding member (first to be structurally characterized)
or to the family name used in the SCOP datat¥&se.

esterase activity as endonucleases at AP sites and-as 3
exonucleases at single-strand breaks. They can also recognizspecificity, recognizing damaged purine and pyrimidine
damaged bases such@snomeric nucleotides and catalyze nucleotides in DNA. The associated lyase activity also allows

FPG is known to exhibit relatively broad substrate

endonucleolytic cleavage to initiate base incision reff&i° it to recognize AP sites as substrates. The amino-terminal
Furthermore, these enzymes exhibit catalytic promiscuity by proline acts as the nucleophile in the N-glycosidic bond
catalyzing the hydrolysis of '$hosphates, a phospho- cleavage step to form the initial covalent enzyrNA
monoesterase activity (Table 3). Endonuclease IV adopts anintermediate, and a universally conserved glutamic acid has
og/fs TIM barrel structure and contains two divalent metal been proposed to function as a general acid to protondte O4
ion binding sites that are conserved across this superfafmily. and favor opening of the sugar ring (Figure AAIthough

A family of sugar isomerases that are related to xylose the identity of the general bases are not yet known with
isomerase appears to be distantly related to the endonucleaseertainty, two general bases are expected to be involved in
IV family, as they adopt very similar structures and have the subsequent elimination reactions to abstract protons from
conserved active site residliE420-1%"The C—C isomerization C2 and C4. Presumably the ability to carry out two
reactions catalyzed by these enzymes appear to be verelimination reactions is advantageous, because all known
different from the P-O cleavage reactions catalyzed by the members of this superfamily conserve the essential features
nucleases, but both activities require divalent metal ion of this mechanism.
cofactors. Neither family of enzymes is known to have
promiscuous activity toward the other reaction, but it will
be interesting to learn whether additional mechanistic features

In contrast, the HhH superfamily of DNA glycosylases
includes both monofunctional and bifunctional DNA glyco-
sylases. OGGL1 is one of the most extensively studied
Bifunctional enzymes from this superfamily. Instead of the
amino terminus of the protein, OGG1 uses an active site
. . lysine to attack the damaged nucleotide and release the
5.3. Bifunctional DNA Glycosylases/Lyases damaged base. The Schiff base covalent intermediate that is

Two distinct superfamilies of DNA glycosylases are formed can subsequently undergelimination (Figure 6B).
capable of acting as bifunctional DNA glycosylases/lyases, Apparently OGGL1 and the other bifunctional HhH glycosyl-
those belonging to the helhairpin—helix superfamily ases lack the second general base required for abstraction
(HhH) and those belonging to the FPG/MutM superfamily of the second proton, and so tjfeelimination product is
(Tables 3 and 4). There are distinct differences in their released via hydrolysis. MutY is another particularly interest-
catalytic mechanisms, but the enzymes of both superfamiliesing example, because it shares features of the monofunctional
use active site amines as nucleophiles to attacka€the glycosylases and the bifunctional glycosyla&es:192194
damaged nucleotide and displace a damaged nucleobas®lutY has an active site aspartic acid (Asp138) that acts as
(Figure 6). The resulting covalent Schiff base intermediate a general acid catalyst to protonate (presumablyaxd to
can serve as an electron sink for eitlfieelimination in the stabilize the leaving group in the N-glycosidic bond cleavage
HhH bifunctional glycosylases @o-elimination in the FPG-  reaction. It also has an active site glutamate (Glu37) that
related enzymes. This catalytic promiscuity that provides for appears to act as a general base to activate a nucleophilic
both N-glycosidic (C-N) bond cleavage an@-elimination water molecule. This mechanism closely matches that of
(C—O0 cleavage) at a single active site allows a single repair other monofunctional glycosylases and results in the forma-
enzyme to carry out two sequential steps in the BER pathwaytion of the same AP-site-containing DNA intermediate.
(Figure 7). However, MutY has two active site lysine side chains (Lys20

endonucleases of this superfamily.
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Figure 8. DNA repair reactions catalyzed by exonuclease Il (Xth).
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by attack of an active site lysine can undefzelimination

or proceed fully to8,6-elimination (Figure 6}2* Mutation

of either lysine 20 or 142 to alanine showed that either
residue is capable of forming a covalent species and
permitting the elimination reaction to occur, with the Lys142-
mediated pathway exhibiting substantially faster kinetics than
the Lys20-mediated pathway. Although two pathways for
elimination are possible, the AP DNA product is sufficiently
long-lived that AP endonuclease preferentially processes this
product when both AP endonuclease and MutY are present,
demonstrating that hydrolysis of the intermediate to generate
the AP site is favored over eliminatidff. This low level of
promiscuous AP lyase activity of MutY could mimic an early
stage in the evolution of a truly bifunctional DNA glycosyl-
ase. Remarkably, placement of a lysine side chain at a
position analogous to the active site lysine in OGG1 via site-
directed mutagenesis (S120K) results in a substantial increase
in AP lyase activity (Table 5)%8 Selective pressure for an
AP lyase activity could lead to improvements in this low
level of activity if chance mutations allowed better position-
ing of the amine nucleophile and general base(s). Presum-
ably, the presence of highly efficient AP endonucleases
accounts for this apparent lack of selective pressure to
improve the AP lyase activity of MutY. Additional aspects
of HhH superfamily divergent evolution are discussed below,
including the global changes in structure that have occurred
during evolution of this superfamily (see section 6.1).

5.4. Bifunctional dCTP Deaminase/dUTPase

Many types of base damage can occur more readily in
free nucleotides than in DNA, especially oxidation and
deamination reactions. For certain types of damage, such as
the oxidation of guanine and the deamination of cytosine
nucleotides, the products have a high probability of being
incorporated into DNA and creating a mutation. This is
because 8-oxoGTP and dUTP can be readily incorporated
by replicative polymerases opposite A, in place of TMP. In
the case of 8-0xoGMP incorporation, the subsequent excision
of A by MutY would be mutagenic; therefore all organisms
appear to carry out a certain level of “DNA repair” by
surveying the cellular pool of NTPs and eliminating these
damaged nucleotides. One of these enzymes, the bifunctional
dCTP deaminase/dUTPase frdfiethanococcus jannaschii
exhibits catalytic promiscuity by catalyzing two chemically
distinct reactions at a single active site (Table"*3f%In
two tightly coupled reactions, dCTP is deaminated to give
dUTP and then rapidly hydrolyzed to give dUMP and
inorganic pyrophosphate (Figure 9). This enzyme is presum-
ably involved in pyrimidine biosynthesis, because dUMP is

Substrates and products are shown, and the arrows indicate the sitethe precursor required for synthesis of dTTP. In most

of attack by the metal-activated water nucleophile. Xth initiates
repair of AP sites via endonucleolytic cleavageobthe AP site.

A similar endonucleolytic cleavage allows for the observed incision
at damaged sites such @sanomeric and base-fragmented nucleo-
tides such as urea (Figure 4) and may account for the reported
RNaseH activity (not shown). This enzyme accepts a broad range
of substrates, processing a variety of common damaged DNA
termini via an exonucleolytic cleavage reaction (intact nucleotides,
dRP groups resulting from bifunctional glycosylase-catalyzed
p-elimination, and 3phosphoglycolates produced from oxidative

organisms that catalyze the deamination of dCTP, this
reaction is carried out by a monofunctional dCTP deaminase
that catalyzes the formation of dUTP. If dUTP is left in the
nucleotide pool, then it can be misincorporated into DNA
by the replicative polymerases that do not discriminate
against this nucleotide, and thus these organisms also encode
an efficient dUTPase to catalyze pyrophosphorolysis of
dUTP to yield inorganic pyrophosphate and dUMP. In
M. jannaschij the deaminase carries out both reactions at a

damage). In addition to these diverse phosphodiesterase reaction%ingka active site. Organisms with a bifunctional dCTP

Xth exhibits catalytic promiscuity by catalyzing a phosphomono-
esterase (phosphatase) reaction.

deaminase/dUTPase can potentially benefit from the coupling
of these reactions by avoiding dUTP release. Many of the

and Lys142) that can act as nucleophiles in a subsequenimonofunctional dUTPase and dCTP deaminases have detect-

reaction with an AP sité?*1% The Schiff base that is formed

able sequence homology and the three-dimensional structures
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Table 5. Changes in Substrate and Reaction Specificity via Protein Engineering and In Vitro Evolutich

enzyme

change in specificity

mutations(s)

Substrate Specificity
ubG excision of C instead of U
excision of T instead of U
excision of Gpyrene instead of &

MIG excision of Ainstead of T
AAG uncreased excision of G
AGT increased activity toward fit

DNA polymerase | (Taq) incorporation of INTPs

incorporation of 20-methyl NTPs

(E. coli) increased incorporation of INTPs
increased incorporation of ddNTPs
DNase | AP endonuclease conferred
Nael endonuclease converted to a topoisomerase
Reaction Specificity
MutY increased AP lyase activity

Mth.TDG (Endolll-like)
EndolV

conferred AP lyase activity
decouples phosphatase and phosphodiesterase

N204D (hum&?f)or N123D E. coli)3®°
Y147A, Y147C, or Y148
N123D, L191A E. coli)®
A50V/L1878)2
N169S or N1689A*®
many mutant¥®
AS97T/E6E5G
1614E/E615¢
E719A
F760%
14-amino-acid inséftion
43K

S126R
Y126R
&149D

aThere are many additional examples of successful engineering and directed evolution of metabolic enzymes that suggest substrate specificity

and even reaction specificity can be readily changed by one or a few mutttigfis16.310311
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Figure 9. Reactions catalyzed by the dUTPase/dCTP deaminase superfamily of enzymes. (A) The dUTPase reaction converts dUTP to
dUMP and pyrophosphate (hydrolysis of the phosphodiester bond). As replicative polymerases do not discriminate against dUTP, this
reaction is critical to prevent the incorporation of dUMP into DNA, and thus all organisms appear to have a dUTPase to protect against
spontaneous deamination of dCTP. (B) In some organisms, sughcas, the dUMP that is required for thymidine biosynthesis is generated

from enzymatic deamination of excess dCTP. In contrast to other known deaminases, dCTP deaminase does not appear to use metal ion
cofactors. The dCTP deaminase frdin coli has structural homology with dUTPase from the same organism, suggesting that they are
related by divergent evolution. (C) The discovery of bifunctional dUTPase/dCTP deaminase enzymes such as tatdroraschii

provides the missing piece of the puzzle. These enzymes exhibit catalytic promiscuity by catalyzing these two very different reactions at
their active site. By tightly coupling these two steps of pyrimidine biosynthesis, organisms can avoid increasing the cellular pool of dUTP.

revealed that these enzymes belong to the same superthe same enzyme in some organisms or separated into two
family.2°* Many of the active site features of the deaminases enzymes in other organisms.

and dUTPases are conserved, suggesting that relatively few The examples of bifunctional DNA repair phosphodi-
changes separate these rather different chemical reactiongsterases/phosphatases, glycosylases/lyases, and the deami-
(Figure 9). This remarkable divergence in function makes nase/dUTPase provide evidence that bifunctionality can be

more sense given that the bifunctional enzyme frbvn

selected for during evolution. More generally, many cellular

jannaschiialso belongs to this same superfamily. Apparently enzymes are known to catalyze multiple mechanistically
these two biochemical activities have been kept together in distinct reactions at a single active site as part of their normal
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physiological function(s). Results from the in vitro evolution apply to methylation of C5, given the extremely poor
of new enzymatic activities provides compelling evidence nucleophilicity of this site, and indeed C5 cytosine methyl-
that loss of catalytic activity is not a prerequisite to the gain transferases use an elaborate and elegant mechanism to
of a new activity*® As long as the new catalytic activity activate C5 for nucleophilic attack that is analogous to the
does not confer negative selective pressure, then a given genstrategy used by thymidylate synthetdSeThe enzyme
could expand or adapt the catalytic repertoire of its gene catalyzes a Michael addition of an active site thiolate on the

product prior to or without gene duplication. C6 of cytosine to form a covalent intermediate (Figure
10)211-213 protonation of N stabilizes the 4,5-enamine

5.5. DNA Cytosine Methyltransferases: DNA species that subsequently accepts the methyl group of SAM.

Modification and Promiscuous DNA Damage The covalently bound DNA is released via the deprotonation

. . ) of C5 and thes-elimination of the thiolate to generate the
DNA cytosine methyltransferases provide the first of two 5-methylcytosine product. This mechanism leaves these

examples in which promiscuous reactions cause DNA gnzymes susceptible to hydrolytic deamination, particularly
damage, by catalyzing the deamination of C af@ifTable iy the absence of the SAM cofact?.2°% Consistent with

3).22 =¥ Although the DNA methyltransferases are not DNA g notion, overexpression of cytosine methyltransferdses
repair enzymes by themselves, the DNA modification that o yations that disrupt SAM bindiAt lead to greatly
they_catalyze is critical for normal DNA metaboll§ﬁ’i.Th|s increased levels of deamination of both cytosine and
provides a clear example that natural selection has not beery_mathyicytosine. Thus, cytosine-5-methyltransferases ex-
completely successful in ridding enzymes of potentially piit geleterious catalytic promiscuity by catalyzing a
deleterious promiscuous reactions. The question remainsnyqrolvtic deamination reaction in addition to their physi-

whether this promiscuous deamination is an unavoidable sideyjqgica| carbor-carbon bond formation reaction (Figure 10).
reaction of the physiological methyltransfer reaction or

whether it might provide a latent source of increased 5.6. Direct Repair (and DNA Damage) Catalyzed

mutations in times of stress. ;
DNA (cytosine-5-) methyltransferases catalyze carbon by Alkylguanine Alkyltransferases

carbon bond formation between the donor methyl group of  Alkylguanine alkyltransferase (AGT; also known as
S-adenosylmethionine (SAM) and the C5 of cytosine bases methylguanine methyltransferase@imethylguanine trans-
within DNA. The known DNA methyltransferases belong ferase) directly reverses alkylation damage by catalyzing the
to an enzyme superfamily that conserves many features ofstoichiometric transfer of an alkyl group from an alkylated
the overall three-dimensional structure, the identity of base to an active site thiolate!33216217Thijs reaction has
catalytic residues, and a binding site for the SAM cofaétor.  been called a suicide reaction because AGT can only accept
This catalytic domain is structurally homologous to a much a single alkyl group and is not able to regenerate the active
larger superfamily of SAM-dependent methyltransferases thatsite thiolate (Figure 11A). Th&5-alkylguanine adducts are
methylate small molecule substrates. Each enzyme hashe preferred substrates, but AGT has also been shown to
distinct sequence specificity, and the known sites of methyl- recognized*-alkyl thymine adducts to a lesser extéfitThe
ation are N of adenine and either™r C5 of cytosine. Some  bacterial enzyme appears better able to tolerate bulky alkyl
of the methyltransferases that catalyze the formation® m  groups than the human enzyme, but several different alkyl
have also been shown to catalyze methylation $NC, adducts have been shown to be substrates of both classes of
and in turn the Rkspecific methyltransferase M. Pvull can  enzymes. The recent crystal structure of AGT in complex
also methylate R of A when present in the enzyme’'s with a DNA substrate has provided considerable insight into
recognition sequencé&2%This is somewhat surprising given  the mechanisms of DNA binding and damage recognition
the potential deleterious consequences of erroneous DNAand the catalytic mechanism of alkyl transt&Paradoxi-
methylation, and it suggests a favorable pathway for the cally, this DNA repair protein has been found to potentiate
divergent evolution of ® and N-specific families of the toxicity of bifunctional electrophiles such as dibromo-
methyltransferases from a common ancestor. ethan€1®221 |t was subsequently shown that the active site
Although many methyltransferases are known to be highly thiolate of Cys145, which has a relatively loviKp reacts
sequence-specific, binding site recognition has clearly di- readily with small electrophilic compounds such as di-
verged over time because related enzymes recognize differenbromoethané!” When AGT binds to DNA, a normal
DNA sequences. Intriguingly, the Haelll methyltransferase guanosine nucleotide can be flipped out into the active site,
(cytosine methyltransferase) has been documented to provideplacing the second electrophilic group in close proximity to
a low level of methyltransferase activity toward noncanonical the base. This facilitates the nucleophilic attack bydfl
sites, with a range of activities reported for sequences thatguanine, generating a covalent complex between AGT and
closely resembled the canonical sequeiié&his low level the DNA (Figure 11B). Thus, the activation of an active site
of activity was used as a starting point for in vitro evolution, cysteine provides for the promiscuous reaction with elec-
and mutants were identified that were up to 1000-fold better trophilic sites on small molecules. The subsequent DNA-
at methylating alternative sité® The ease with which  binding and nucleotide-flipping reactions that are integral
substrate specificity could be altered demonstrates how newto the normal physiological reaction then bring the small
DNA modification patterns could evolve. It also raises the molecule into close proximity to the DNA, allowing for a
possibility that a mutation of a DNA modifying enzyme proteinr—DNA cross-link to be formed.
could lead to deleterious DNA modification. The DNA damage that is catalyzed by AGT results in a
The N-methylation reaction catalyzed bf-adenosine-  covalent proteir DNA complex that appears to be more
and N*-cytosine-specific methyltransferases is thought to difficult to repair than a small molecule adduct, because the
proceed via a @ mechanism, with direct nucleophilic attack toxicity of the bifunctional alkylating agent dibromoethane
of the exocyclic amine on the methyl group of SARA:210 is greatly increased if active AGT is present in the é#il.
It is apparent that such a mechanism would be difficult to As there are many enzymes that form covalent intermediates
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Figure 10. Mechanism of DNA methylation (A) and promiscuous deamination (B) catalyzed by cytosine methyltransferases. These are
proposed to use an addition/elimination mechanism to methylate C5 of cytosine. In the first step of the reaction, the thiolate of the conserved
active site cysteine undergoes a Michael addition at C6 (1). This step is assisted by a carboxylic acid that acts as a general acid to protonate
N3, In the presence of the methyl don®adenosylmethionine (SAM), the now activated C5 atom accepts the methyl group from SAM to
generate a covalentd@ intermediate (2). An active site base sets up the elimination of the thiolate by abstracting the C5 hydrogen (3).
Finally, in a reverse of the addition step, the active site carboxylate deprotorfatasd\the cysteine thiolate is eliminated to generate the
m>C-DNA product (4). In the absence of the SAM cofactor, the covalent C3a imermediate can be protonated at C5, presumably by

the acid form of the general base that assists in step 3 of the normal reaction (5). Subsequent hydrolytic deamination (6 and 7) generates
either U from C or T from rkC. The covalent, deaminated product is released by proton extraction and elimination of the active site thiolate

(8 and 9).
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Figure 11. Alkylguanine methyltransferase accelerates rates of both repair and damage of DNA. (A) In the repair reaction AGT binds to
alkylated DNA and flips out the damaged nucleoti@-tethylguanosine is shown). The highly reactive thiolate of a conserved active site
cysteine, Cys145 in human AGT, initiates nucleophilic attack on the alkyl group to restore the normal base. The protein cannot regenerate
the thiolate once it has been alkylated, so it is limited to a single turnover. (B) Due to its accessibility and high reactivity, Cys145 is readily
modified by a wide variety of electrophiles (Table 3). If it reacts with a bifunctional electrophile such as dibromoethane, a potentially
reactive covalent intermediate is created. Subsequent binding and nucleotide flipping by a covalently modified AGT assists a second
nucleophilic attack by Rof G to form a covalent DNA-protein cross-link. This catalytic promiscuity is possible because the highly
reactive active site nucleophile and the DNA-binding and nucleotide-flipping mechanisms are conserved in both reactions.

with DNA, including AP lyases, bifunctional glycosylases, via their phosphotyrosine linkages led to the identification
cytosine methyltransferases, and topoisomerases, protein and characterization of Tppl phosphodiesterase that catalyzes
DNA adducts may constitute a relatively common type of the hydrolytic excision of the enzyme from DNA!225

DNA damage. Indeed, it has been shown that Dib&ptide Recently, redundant pathways have been identified in yeast
adducts are efficiently recognized by the prokaryotic nucleo- that rely on the Mrell or SLX4 nucleas®8lt is not yet

tide excision repair machine?y??23The finding that DNA clear which DNA repair pathway or pathways processes
topoisomerases can become trapped as covalent intermediatgeotein—DNA cross-links that occur through the DNA bases,
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but it seems likely that other small molecules are likely to and not the result of a trace contaminant. Traditionally this
be able to trap these covalent complexes in a mannerhas been done by biochemical copurification of the two
analogous to the trapping of AGT with bis-electrophiles or activities, as a constant ratio of the two activities suggests
topoisomerase | with campthotheéfi.More generally, it that they arise from the same enzy#®Although fraction-
is not yet known to what extent other enzymes involved in ation of two different biochemical activities provides direct
DNA repair also catalyze DNA-damaging reactions. How- evidence that distinct enzymes are responsible for the two
ever, the examples discussed above suggest that suclactivities, many proteins copurify over multiple columns and
reactions are possible and perhaps an unavoidable consethe failure to separate two activities cannot be taken as strong
quence of localizing proficient enzymes to genomic DNA. evidence for a multifunctional protein. Coinhibition of the
two activities by a common inhibitor can be a useful
5.7. Promiscuity of DNA Ligases technique, provided a specific inhibitor is known. If one or
both of the activities can be saturated with substrate, then
The reactivity of the active site cysteine of AGT is similar  the competition between the substrates can be used to test
to the reactivity of the active site lysine of DNA ligases whether the two substrates bind to the same site. Mutation
(Table 3). The physiological reaction of DNA ligases is of active site residues and evaluation of the effects on both
phosphoryl transfer (PO bond formation), but ligases are  reactions has also been used successfully to show that two
also known to exhibit catalytic promiscuity by catalyzing reactions are carried out at the same active site. Such
the formation of a covalent adduct with pyridoxal phosphate experiments have to be carefully analyzed, however, because
(C—N bond formation). In the phosphory! transfer reactions promiscuous activities may only utilize a subset of the
catalyzed by DNA ligases, the universally conserved active catalytic groups in an active sité16241.242|f possible,
site lysine forms a covalent intermediate with AMP and mutation of an active site residue that alters binding of a
subsequently transfers the AMP group to thigpBosphate  competitive inhibitor or substrate provides the most conclu-
of a DNA substrate. The relatively lowiq of this lysine  sjve test of whether a reaction is carried out at a given active
(pKa = 8.4 in T4 DNA ligase¥*® facilitates the nucleophilic  sjte. A change in the inhibition constant for inhibition of
attack on theo-phosphate of ATP in the first step of the the alternative activity provides strong evidence that the
ligase reaction but also allows for promiscuous nucleophilic mutant protein is responsib#é3
attack on pyridoxal phosphate. Once covalently bound, itis |t will be fascinating to learn to what extent other DNA
easy to envision that the pyridoxal phosphate cofactor could repair enzymes exhibit catalytic promiscuity. It seems likely
be used to carry out chemistry that is unrelated to the normalthat many promiscuous reactions that utilize DNA as a
reaction. Perhaps an analogous process led to the unconsypstrate would be selected against, but the examples that
ventional use of pyridoxal phosphate as a general acid/basegre discussed above illustrate that such promiscuous activities
in the reaction catalyzed by glycogen phosphoryf%g*" (o exist (Table 3). Furthermore, detectable (and potentially
T4 DNA ligase has also been reported to have AP lyase functionally significant) promiscuous catalysis may be latent
activity,2%? a promiscuous reaction that presumably would within many more enzymes, as there are many examples of
make similar use of the lysine nucleophile. Consistent with successful protein engineering in which a single mutation
this model, the AP lyase activity could be inhibited by ATP, reveals a new enzymatic activity (Table 5; see section
and a covalent complex between ligase and DNA could be 7) 5114162124424 he characterization of the promiscuous
trapped by borohydride, a treatment known to trap AP lyasesreactions of DNA repair enzymes contributes to our under-
by reducing the Schiff base intermedidtéMore generally, standing of the evolutionary history of DNA repair pathways
the exceptional reactivity of active site residues, such as theand provides information about the current evolutionary
active site lysine of DNA ligase and the cysteine of AGT, potential for new DNA repair activities. Continuing progress
has long been exploited for the identification of catalytic in characterizing the three-dimensional structures of proteins
groups in enzyme active sites in the absence of a structurejs certain to identify additional evolutionary relationships and
because catalytic residues are generally more reactive tharithereby suggest other types of catalytic promiscuity that may
other residues on a protein’s surface. This greater reactivity be possible.
of active site groups supports the idea that catalytic promis-

cuity is a common feature of enzyme active sites. 6. Mechanistically Diverse DNA Repair Enzyme
Superfamilies

Divergent evolution of ancestral enzymes has led to large
Additional examples of promiscuous DNA repair activities superfamilies of modern-day enzymes that differ in their
have been reporté# 23 but subsequently called into substrate specificity and, in many cases, their reaction
questior?3¢-238 And in other cases, alternative activities have specificity?! In many cases, the primary amino acid se-
been observed but not fully characterizét?324°These quences have diverged beyond detectable sequence similarity,
examples underscore the difficulty in detecting catalytic but characterization of their three-dimensional structures have
promiscuity. This is because promiscuous activities usually allowed these ancient evolutionary connections to be identi-
have much smaller rate enhancements than the normalfied. Not only is the overall three-dimensional fold conserved
activity and copurification of even low levels of a contami- in each case, but the active site location and in many cases
nating enzyme could give rise to this level of activity. Indeed, the identity of key catalytic residues have also been
biochemical purification is particularly challenging for conserved. Once structures have been determined for several
nucleic-acid-binding proteins, because they are likely to sharemembers of the same superfamily and the key catalytic
physical properties with the other DNA repair proteins that residues have been identified, more sophisticated sequence
are most likely to be problematic contaminants. Several searches can often be used to expand these superfamilies by
methods can be used to establish that observed alternativeredicting additional proteins that are likely to have con-
activities are promiscuous activities of a given active site served structural and mechanistic featufehe great

5.8. Challenges in Detecting Catalytic Promiscuity
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success of these approaches notwithstanding, this discussiothat acts as a general base and is conserved in all of the
will focus on enzymes for which the three-dimensional glycosylases except for 3-methyladenine DNA glycosylase
structures are known, given the difficulty in detecting distant | (E. coli Tag). The absence of this catalytic residue may be
evolutionary relationships by sequence comparisons. Com-the exception that proves the rule, because Tag is a very
parison of three-dimensional protein structures can greatly poor catalyst that is highly specific for destabilized 3-alkyl-
facilitate the identification and functional characterization purine lesions that require little catalytic assistaffé&>Most
of conserved catalytic residues. Fortunately, the past decadef the bifunctional enzymes also conserve the location of
has seen a rapid expansion in the number of DNA repair the lysine nucleophile (Lys120) within the HhH motif (see
enzymes for which structural information is availableand above). Similarly, the position of the amino acid (GIn41)
the coming decade is sure to yield similar increases in our that is inserted into DNA in place of the extrahelical base is
knowledge of the structural biology of DNA repair. also conserved, although the identity appears to vary
The development of automated methods for the rapid and considerably with asparagine, leucine, and even arginine also
exhaustive comparison of new protein structures to all other occurring at this positiof? Additional differences in the
known structures has greatly facilitated the classification of active site pocket can be rationalized in terms of the
proteins into families and superfamilies of structurally substrates that are recognized. However, it is difficult to
homologous protein&’-254 The Structural Classification of ~ understand why some enzymes have evolved to be mono-
Proteins (SCOP) Datab&8&*>“currently includes almosttwo  functional and require the subsequent action of a separate
dozen functionally diverse enzyme superfamilies that contain AP lyase and why others have evolved to be bifunctional. It
at least one enzyme involved in DNA repair (Table 4). could reflect differences in the repertoire of repair enzymes
Although there are a few superfamilies that are highly of the cell in which the glycosylase evolved (e.g., whether
specialized in DNA repair, such as the HhH and FPG-related there was sufficient AP endonuclease activity already present
superfamilies of DNA glycosylases, many other superfamilies in the cell, in which case there would not be selective
include enzymes that are involved in diverse aspects of pressure for a bifunctional mechanism), or it could simply
metabolism and cell signaling. It is difficult to know with  reflect evolutionary chance. Indeed, there does not seem to
any certainty the actual evolutionary pathway that describesbe a strong selective pressure for either mono- or bifunctional
the divergence of any two paralogues, so we do not know glycosylases because there are numerous examples of each
which DNA repair enzymes diverged from enzymes with class. It is not yet known whether the extensive structural
other cellular roles and which DNA repair enzymes diverged differences between HhH glycosylases reflect some ad-
to function in other cellular roles. Nevertheless, it is likely ditional functional difference, such as proteiprotein

that both paths have been taken, and the lack of any commorinteractions or, as recently proposed, long-distance DNA
biological function within most superfamilies is consistent damage detection via an iressulfur centep58259

with the probabilistic nature of gene duplication. A few

examples are discussed below to illustrate some of the way This superfamily of DNA repair enzymes exemplifies how

in which DNA repair enzvmes have diveraed to reco nizesan active site can be altered through evolution to create
P y 9 9 enzymes with different catalytic mechanisms (bifunctional

different substrates and in some cases to catalyze markedl)(/s monofunctional) and very different substrate specificities.

dissimilar reactions. In each case, key mechanlst}_c featuresls it possible that the diversification in the HhH superfamily
and/or substrate-binding features could have facilitated theWas made possible by the broad substrate specificity and

evolutionary diversification of these enzymes. . S .
catalytic promiscuity of many of these proteins? Several

; o ; factors could have contributed to the extensive diversification
6.1. Helix —Hairpin —Helix DNA Glycosylase of the HhH superfamily and are expected to apply to the
Superfamily diversification of the other broadly specific DNA glycosyl-

Many of the DNA repair glycosylases that are responsible ases related to FPG and to UDG that were discussed above
for recognition and repair of oxidative and alkylative base (Tables 1 and 4). (i) The N-glycosidic bond is an attractive
damage belong to a functionally diverse group of evolution- target for DNA repair because it is more labile than the
arily related enzymes known as the heltxairpin—helix phosphodiester backbone. Therefore an evolving DNA
(HhH) superfamily. There is a great deal of structural glycosylase is expected to require less catalytic power to
diversity among these enzymes, but members of this super-achieve a given reaction rate, relative to a repair mechanism
family can be identified by the conserved HhH motif that is  involving breaking another bond in DNA. (i) All nucleotides
invariably involved in DNA binding (Figure 12%:87 Many share common structural features, such as the sugar moiety
of these proteins have a second domain that also variesthat is the site of nucleophilic attack by DNA glycosylases
greatly but sometimes includes a four-cysteine Fe(ll) center. and the regular structure of the phosphate backbone that is
Although some members of this superfamily have detectableused as a handle for sequence-independent DNA binding.
sequence homology, others could not be assigned until the(iii) Nucleotide flipping is an integral step for all DNA
three-dimensional structures were sol¥&#h5 257 Individual glycosylases, so a newly recruited DNA glycosylase would
enzymes of this superfamily are capable of recognizing an have an additional hurdle to overcome beyond the universal
extraordinary variety of modified bases in many different requirements for substrate binding and catalysis: stabilization
hydrogen-bonding contexts. As both substrate specificity and of an unfavorable conformation of DNA with an extrahelical
reaction specificity has varied (Table 2), it is not surprising base lesion. This factor could serve as a powerful advantage
that the amino acid sequences have diverged considerablyfor a duplicated DNA glycosylase relative to a glycosylase
Nevertheless, a few residues critical for DNA binding, that acts on nucleotide substrates. Nevertheless, convergent
nucleotide flipping, and N-glycosidic bond cleavage are evolution can occur, and the existence of four different
conserved (the amino acid side chains in parentheses reflecstructural families of DNA glycosylases demonstrates that
the numbering foE. coli Endolll). For example, there is an  that these enzymes have independently evolved at different
aspartate residue (Aspl38) just outside of the HhH motif times in the past (Table 4). One example of this functional
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Figure 12. Structures of the DNA glycosylases belonging to the helﬁairpin—helix (HhH) superfamily. (A) The structure-based sequence
alignment of some HhH glycosylases. The Maglll secondary structure elements are shown schematically, with the HhH motif highlighted
as yellow cylinders (helices HI of Maglll). The HhH residues that contact the DNA in the AKZNA complex are boxed, and the
conserved catalytic aspartic acid is shaded blue. Residues in the nucleobase binding pocket confirmed (green) or predicted (gray) to contact
the target base are shaded, and the positions of the side chains that intercalate the DNA helix at the lesioned and nonlesioned strands are
shaded pink and yellow, respectively. Residues that contact the orphaned DNA base opposite the modified base in AIKA and OGG1 are
colored blue, while residues shown by mutagenesis to be important for either catalysis or DNA binding are colored red. Side chains that
coordinate the F&, clusters (Mpgll, Endolll, MutY, and MIG) and 2n ion (Tag) as well as the carbamylated lysine in Maglll are shaded
orange. (B) Schematic representations of the HhH glycosylase structures. Helices are shown as red and yellow (HhH motif) cylinders,
p-sheets as light blue arrows, and,;8eclusters as golden CPK spheres. Side chains of functionally significant active site residues are
rendered as sticks, with the conserved aspartic acid colored dark blue. (C) Solvent-accessible surfaces are colored according to electrostatic
potential (blue, positive; red, negative). The substrate-binding pockets at the domain interface are circled. The structures have been rotated
~90° with respect to the views shown in part B. Reprinted with permission from ref 89 (http://embojournal.npgjournals.com). Copyright
2003 Macmillan Publishers Ltd.

convergence comes from the comparison of the humandifferent folds and are not evolutionarily relatedAn even
3-methyladenine DNA glycosylase and that frdn coli. more remarkable example of functional convergence involves
These enzymes share many of the same substrates but adoftie evolution of the nucleotide excision repair pathways of
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Figure 13. Structures of eukaryotic polynucleotide kinase/phosphatase (PNKP) and evolutionarily related enzymes of the HAD superfamily.
(A) Ribbon diagram of mouse PNKP, with the kinase in yellow, the phosphatase in blue, and the FHA domain in green. Catalytic side
chains (Aspl170 and Asp396 in the phosphatase and kinase, respectively) are in pink, the ATP binding P-loop is in navy blue, and the
sulfate bound at the P-loop is in orange and red spheres. (B) Comparison of mouse PNKP and T4 PNKP phosphatasg-BGivaars]

PSP in a common orientation, showing the variation in the active site capping structure (blue). The cefirdomain elements are

colored yellow and red, and the catalytic aspartate is shown in a ball-and-stick representation. (C) Structure of the mouse PNKP phosphatase
active site (cyan, PDB code 1YJ5) superimposed on the active sites of phosphofyR@d (green, PDB code 1LVH), Beferivatized

PSP (pink, M@" in green, PDB code 1J97), and T4 PNKP (blue, PDB code 1LTQ). The hydrogen-bonding pattern for PSP is shown.
Residue numbering shown is for mouse PNKP and in italics for T4 PNKP. The kinase domain is similarly homologous to a superfamily

of nucleotide triphosphate hydrolases (not shown; Table 4). Reprinted with permission from ref 263. Copyright 2005 Elsevier.

prokaryotes and eukaryotes. These pathways share manyssembly of proteins is commonplace, and the vast majority
common mechanistic features, but the individual proteins are of multifunctional enzymes have separate domains for each

not evolutionarily relatedt>116 catalytic activity. It is widely accepted that separate folding

domains have considerable potential to be recombined via
6.2. Polynucleotide Kinase: Fusion of a gene fusion events. Interestingly, both domains of PNKP
3'-Phosphatase from the Haloacid Dehalogenase belong to separate mechanistically diverse enzyme super-
Superfamily and a 5 '-Kinase from the families that are widely represented by enzymes from a
P-Loop-Containing Nucleotide Hydrolase variety of cellular processes and thereby showcase the scope
Superfamily of divergent evolution.

A 3'-phosphate serves as an effective block of DNA
Polynucleotide kinase/phosphatase (PNKP) is a bifunc- replication and repair, and thus it is not surprising that most
tional DNA repair enzyme that is responsible for preparing cells have multiple enzymes capable of recognizing this very
nicked DNA sites for ligation. The'dhosphatase activity  stable lesion. The exonuclease-lll- and endonuclease-IV-
hydrolyzes a 3phosphate from DNA to generate aGH, related enzymes comprise two evolutionarily distinct families
and the kinase activity phosphorylates'@&334 DNA end to of broadly specific bifunctional phosphodiesterase/phospho-
generate a'sphosphate, both of which are required by DNA monoesterases (see above). The phosphatase domain of
ligases. This enzyme provides an interesting example of PNKP is the third family of 3DNA phosphatases. In contrast
divergent evolution, because it is a multidomain protein to the broadly specific nucleases/phosphatases, these phos-
presumably resulting from the fusion of a phosphatase andphatases appear to have a strong preference for nucleic acids
a kinase domain (Figure 133%263 Similar multidomain with 3'-phosphates. As in the case of T4 polynucleotide
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kinase, this phosphatase is usually found as one domain ofattack by the active site aspartate is facilitated by first forming
a bifunctional PNKP, but irs. cereisiaethe 3-phosphatase  a Schiff base between the carbonyl of the substrate and a
(TPP1) does not have an associated kinase domain, and yea$gsine from the protein. Subsequent regeneration of the
appear to lack a polynucleotide kinase homolof@€rystal aspartate nucleophile can be accomplished in the same
structures of PNKP enzymes from T4 ph#§e’®? and from manner as in the phosphatases, and the Schiff base can be
mous@&%® demonstrate that the phosphatase domain belongshydrolyzed to regenerate the active site lysine (Figuret4).
to the haloacid dehalogenase (HAD) superfamily, despite low Thus, the identity and function of some active site groups
sequence homology (Figure 13). have been changed (the Kigions of the phosphatases vs
The HAD superfamily is a large and functionally diverse the genera_l base of the haloacid dehalogenases)_, and others
enzyme superfamil§t*25Enzymes of this superfamily are have rem.amed the same (thg aspartate nucleophllg). F_urther
found throughout metabolism and recognize a wide variety changes in the three-dlmen§|onal structure, especially in the
of substrates. Hydrolysis of phosphate monoesters is the mosgap structure that forms the lid of the active site, have allowed
common reaction Ca‘[a|yzed by these enzymes, and reprejor the recognition of either small molecule substrates (PSP
sentative examples include phosphoserine phosphitege, and-PGM) or macromolecular substrates such as nucleic
P-type ATPasé®269and RNA polymerase Il CTD phos- acids (PNKP; Figure 13A).
phatas&®52790ther enzymes form a similar phosphorylated ~ The kinase domain of PNKP is structurally homologous
aspartate intermediate, but instead of catalyzing hydrolysisto a very large superfamily of P-loop-containing NTP
(water acceptor) they favor other substrates as the acceptorhydrolases/transferases. Nucleotide hydrolysis is arguably one
Examples of phosphoryl transfer inclugephosphogluco-  of the largest classes of biological reactions, and the P-loop-
mutase that catalyzes the transfer of phosphoryl groups tocontaining enzymes constitute a large and functionally
and from glucose phosphatésand phosphoserine phos- diverse superfamily that can be divided into 22 different
phatase (thrH) that catalyzes the transfer of phosphoryl structural families (see the SCOP database for a complete
groups between phosphoserine and homoséfiidthough listing).2>* A few representative examples highlighting the
phosphatase and phosphotransferase reaction® @eav- different classes of reactions are listed in Table 4. Many of
age/formation) are the most common reactions catalyzed bythe same themes discussed above for the HAD superfamily
HAD superfamily members, additional reactions include appear to have influenced the evolutionary diversification
dehalogenase (carbehalogen bond hydrolysis) and phos- of these nucleotide hydrolases. The most common reaction
phonatase (PC bond hydrolysis; Figure 1B). The core of catalyzed by this superfamily is the hydrolysis of nucleotide
the HAD superfamily proteins consist of six paraffestrands, triphosphates, but many enzymes also catalyze the transfer
sandwiched between two layers afhelices (Figure 13).  of the terminal phosphate from ATP to another acceptor.
Many members of this superfamily have an additional As is the case for the HAD superfamily, the substrate
domain, or cap structure, that is located adjacent to the activespecificity varies for the hydrolases (ATP vs GTP) and for
site and controls the substrate and reaction specificity of thethe transferases (small molecules such as AMP and chlor-
enzymez83273275 The great variety of cap structures that are amphenicol vs macromolecules such as DNA; Table 4).
observed is consistent with the dramatic differences in Phosphoryl transfer is by far the most common type of
substrate specificity across this superfamily. reaction catalyzed by the P-loop-containing enzymes, but
Although the catalytic residues vary greatly among the Several enzymes catalyzing sulfuryl transfer also adopt this
different superfamily members, all appear to conserve an Same structure. Intriguingly, at least one of the phosphoryl
active site aspartate that serves as the nucleophile in thdransfer enzymes, adenylate kinase, has been shown to exhibit
reaction (Figure 14). The position of this aspartate side chain catalytic promiscuity for sulfate group transfer, suggesting
is conserved in the three-dimensional structure, but the@ Possible pathway for the evolutionary divergence of
position and identity of nearby groups have diverged to allow Phosphoryl and sulfuryl transfer enzymiés’®
for the different reactions and different substrates that are PNKP is just one example out of a great many multifunc-
accommodated. Haloacid dehalogenase, the founding memtional proteins in which more than one catalytic domain has
ber of the HAD superfamily, recognizes halogenated com- been fused. These multiple functions include bringing
pounds that contain a carboxylic acid. An unusual feature together two or more catalytic activities, as in the case of
of the reaction mechanism is that the breakdown of the T4 PNKP, and bringing together catalytic modules with
covalent intermediate occurs via water attack at the carbonylbinding modules that are involved in nucleic acid binding
carbon of the aspartate side chain (Figure 1#ARIthough or protein-protein interactions. Mammalian PNKP also
the phosphatases form an analogous covalent phosphorylatederves as an example of the latter, because it contains a
aspartate intermediate, the subsequent nucleophilic attack bycarboxy-terminal forkhead-associated (FHA) domain, a com-
a water molecule occurs at phosphotidVhereas haloacid  mon phosphoprotein interaction domain that can allow for
dehalogenase uses an aspartate residue as a general baserézruitment and additional regulation of higher-order protein
position and activate the water nucleophile, this role is filled complexes, in addition to the kinase and phosphatase domains
by a M¢" ion in the phosphatases (Figures 14A and 14B). (Figure 13CF% Such multifunctional polypeptides are
The malleability of the HAD superfamily is perhaps best conceptually indistinguishable from protein complexes com-
exemplified by the catalytic mechanism for phosphonate posed of multiple proteins, differing only in the type of bonds
hydrolysis (C-P bond cleavage) by phosphonatase (Figure that holds the domains together: covalent versus noncova-
14C)2"*The active site aspartate is conserved in this enzyme, lent. Indeed, there are many examples in evolution in which
and its role in nucleophilic attack on the phosphorus of the fused domains appear to have been separated into distinct
substrate is analogous to this step in the phosphataseolypeptides and other examples in which separate polypep-
mechanism, but clearly the carbanion of phosphonoacet-tides have been fused togetR&? It is important to
aldehyde would be a poor leaving group. The enzyme hasappreciate that this is a common theme during evolution and
arrived at an ingenious solution to this problem; nucleophilic that it appears to be a very favorable way of creating new
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Figure 14. Reaction mechanisms of the mechanistically diverse enzymes of the haloacid dehalogenase (HAD) superfamily. An aspartate
nucleophile in a common active site pocket appears to be universally conserved by the enzymes of this superfamily, but there are substantial
mechanistic differences between different members. (A) Haloacid dehalogenases cleave alwddysn to form a covalent aspartyl
intermediate. In an unusual twist on the familiar covalent catalysis theme, the covalent enzyme intermediate is hydrolyzed via water attack
on the carbonyl carbon of the aspartate side cH&i(B) The phosphatases of the HAD superfamily catalyze nucleophilic attack on phosphate
monoesters to displace an alcohol and form a phosphoaspartate intermediate. In the phosphatase reactions, nucleophilic attack by water
occurs at the phosphoryl group and not at the carbonyl oxygen. (C) Phosphonoacetaldehyde hydrolase forms a Schiff base intermediate
between an active site lysine and the aldehyde of phosphonoacetaldehyde. This lysine is contributed from the cap structure that varies
greatly across the superfamily in response to the different substrates that are rec&gm#ze8chiff base formation activates the-€

bond for an elimination/nucleophilic attack by the conserved aspartate nucleophile. The phosphoasparate intermediate is hydrolyzed similarly
to the phosphatases, and the Schiff base is also hydrolyzed to complete the reaction. Adapted with permission from ref 274. Copyright 2004
Elsevier.

proteins. Although interesting from a biological view, this was identified by genetic methods more than 20 yearg#%go,
review makes no attempt to comprehensively review theseit was only in the past few years that its unusual catalytic
types of evolutionary connections. Other reviews have mechanism has been revealed. The biological data strongly
explored the general role of domain fusion in evolu- supports a role for AlkB in repairing alkylation-damaged
tion®*279281 and more specifically as it pertains to the single-stranded DNA, because a functional AlkB gene is

evolution of DNA repair protein&? required for the replication of single-stranded phage BRA
However, attempts to reconstitute a biochemical repair

6'.3' AlkB and the a—Ketoglutarate-Dependent activity were unsuccessful. The breakthrough came from the

Dioxygenase Superfamily recognition that AIkB shares sequence homology with a

The AIKB family of Fe(ll)laKG-dependent DNA dem-  functionally diverse enzyme superfamily of Fe(ll)-dependent
ethylases provide an interesting example of how the iden- hydroxylases (Table 4§* This superfamily is remarkable
tification of a protein’s evolutionary relationships can provide both in the complexity of reactions that these enzymes
incisive insight into the catalytic mechanism. Although AlkB catalyze and in the diversity of different types of reactions
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that are catalyzed by family members (Figure 1C). The metal binding sites are generally conserved across the
common mechanistic theme is the use of Fe(ll) to form superfamily, the identities of the metal ligands have been
activated oxygen species, and a number of the enzymes imaltered so that different metal ions can be bound. For
this superfamily are hydroxylases that couple the oxidative example, metallgi-lactamases bind either one or two?Zn
decomposition ottKG to the hydroxylation of a substrate. ions, glyoxalase Il prefers to bind one Znand one F&
Analogy to these enzymes suggested the possibility that AIkB ion, ROO binds two F& ions, and Artemis is believed to
could function as a hydroxylase to oxidatively remove alkyl bind one or two Mg" ions?°42%The different properties of
adducts® Armed with this hypothesis, two groups were able these divalent metal ions presumably allows for the great
to demonstrate that AIkB is indeed an Fe(@l/G-dependent  catalytic diversity within the metallo-hydrolase superfamily.
hydroxylase that catalyzes the elimination of alkyl base The di-iron center of ROO binds to molecular oxygen and
adducts via direct oxidation (Figure 1&§:14*Subsequently  catalyzes its reduction to water. In the hydrolyases, & Zn

a number of human analogues of AIkB have been found, or Mg?* ion is thought to coordinate the water molecule and
and several of them also exhibit activity toward alkylated activate it for nucleophilic attack, and a second divalent metal
DNA and RNA substrate’’138142.285.286Remarkably, in ion, if present, is proposed to stabilize the development of
addition to the expected repair of@and mA lesions that negative charge during the reacti®h.The mechanistic
are formed by the reaction ofy3 alkylating agents with  diversity that is displayed by the metallblactamase super-
single-stranded nucleic acids, AIkB frof. coli can also family is consistent with the idea that a preformed active
directly repair the exocyclic adductA and ¢C that are site can be adapted to bind different cofactors and substrates
formed upon exposure to chloroacetaldehyde or as a resuliand catalyze very different types of chemical transformations
of lipid peroxidationt*3144The molecular basis of this broad (Figure 1A).

substrate specificity awaits high-resolution structures of AlkB

in complex with its alkylated substrates. The versatility of 7 Changes in Substrate and Reaction Specificity

the Fe(I)&tKG-dependent hydroxylases may be even wider f pNA Repair Enzymes

than currently appreciated, because there is evidence that

histone demethylases might also be evolutionarily related and There is little doubt that divergent evolution has played
could utilize a reaction mechanism directly analogous to the an important role in the evolution of DNA repair enzymes,
oxidative demethylation reaction of the AlkB family en- because many of these enzymes belong to enzyme super-

zymes?®’ families. The functional and mechanistic diversity of these

superfamilies is particularly remarkable (Table 4), suggesting
6.4. The DNA Repair Nuclease, Artemis, and the the role of catalytic promiscuity in the past evolution of many
Metallo- B-Lactamase Superfamily DNA repair enzymes. Despite the expectations that DNA

repair enzymes should be more specific than other enzymes,
Artemis is a nuclease that is involved in repairing the because side reactions that alter the structure of DNA could
double-strand breaks that are formed during V(D)J recom- pe lethal or mutagenic, there are a number of examples of
bination28¢-2°0 Mutations in the human protein are associated DNA repair enzymes that exhibit catalytic promiscuity (Table
with a variety of immune deficiency disorders, and the gene 3). An even larger number of DNA repair enzymes exhibit
was cloned and identified based upon weak sequencebroad substrate specificity and catalyze a given reaction with
similarity with mouse SNM1 and yeast PSO2, enzymes that a remarkable variety of DNA substrates. For example, the
are involved in the repair of interstrand cross-lidksThese DNA glycosylases discussed in Tables 1 and 2 catalyze
DNA repair enzymes also have weak sequence homologyN-glycosidic bond hydrolysis but accept substrates that differ
with Zn?*-dependenp-lactamases, and most importantly, in size, charge, and hydrogen-bonding ability. These proper-
the sequence motifs involved in metal binding are con- ties of broad substrate specificity and catalytic promiscuity
served?® 2% The purified Artemis protein has'53'- suggest that many contemporary DNA repair enzymes retain
exonuclease activity on single-stranded DNARemarkably,  considerable evolutionary potential. Consistent with this
when reactions are reconstituted with DNA-PK, Artemis acts notion, there are a number of examples from rational protein
as a structure-specific endonuclease capable of opening thengineering and in vitro evolution in which substrate
hairpin intermediates that are formed during V(D)J recom- specificity and reaction specificity have been dramatically

bination?°42%5This illustrates how proteinprotein interac- altered by one or a few mutations (Table 5).
tions influence the biochemical activities of DNA repair  These examples not only provide insight into the catalytic
enzymes in vivo and suggests that changes in prefeiotein mechanism and structural basis for substrate selection but

interactions provide yet another way of influencing substrate also demonstrate how mutation and selection can alter both
specificity. Cells that lack Artemis have increased radio- reaction mechanism and specificity. Although there have
sensitivity, in addition to their recombinational defect, raising been relatively few attempts to change the specificity of
the possibility that the exonuclease activity of Artemis may repair enzymes, there are examples from each of the
be involved in a pathway for the repair of radiation biochemical classes of repair reactions (Table 5). Random
damage® 290 mutagenesis of human AGT identified many different
These DNA nucleases that function in DNA repair and mutations that broaden the substrate specificity of AGT to
B-lactamase that functions in degrading antibiotics belong include nfT.?% Interestingly, most of these mutations did
to the metallo-hydrolase superfamily (Table 4). Members of not affect the activity toward A&. Guided by structures of
this superfamily carry out a variety of different types of enzyme-DNA complexes, a number of DNA glycosylases
chemical transformations, including thioester hydrolysis have had their specificities altered to accept different
catalyzed by glyoxalase Il and reduction of molecular oxygen baseg?148299302 Both rational engineering and in vitro
by ROO oxidoreductase in addition to the phosphodiester evolution have demonstrated that the strong specificity of
hydrolysis ands-lactam ring-opening reactions mentioned DNA polymerases for ANTPs can be dramatically changed
above (Figure 1A). Although the locations of two divalent so that INTPs or everl-D-methyl NTPs are acceptéef 30



748 Chemical Reviews, 2006, Vol. 106, No. 2 O'Brien
The evolutionary relationships between mammalian DNase that cells may adapt to counteract new sources of DNA
I and the structurally related AP endonuclease Xth flem  damage.
coli were substantiated by the finding that insertion of a  The realization that DNA repair enzymes have a rich
conserved l14-amino-acid helix from Xth into DNase | evolutionary past provides the opportunity to apply mecha-
confers a dramatic increase in AP endonuclease ac#Vity. nistic insight from one enzyme to the study of another. The
Another interesting example is the conversion of Nael recent progress in understanding both the AlkB and Artemis
endonuclease into a topoisomerase by a single mut#ion. families of enzymes, based upon their homology with well-
There have also been several examples of changes in reactiooharacterized enzymes, provides examples of how success-
mechanism. MutY has only very limited AP lyase activity fully the information provided by an evolutionary relationship
and so functions predominantly as a monofunctional DNA can be applied to inferring function and even catalytic
glycosylase. Mutation of Serl20, the position that is a mechanism. However, given the remarkable changes in
conserved lysine in bifunctional members of the HhH reaction mechanisms that have occurred (Figure 1 and Table
superfamily, confers robust AP lyase activitf.Similarly, 4), there is the growing realization that such hypotheses need
the thymine DNA glycosylase froniethanobacterium  to be rigorously tested with the appropriate biochemical
thermoautotrophicuniMth TDG) is a monofunctional DNA  experiments. Indeed, homology with a mechanistically
glycosylase, but mutation of an active site tyrosine to lysine diverse enzyme superfamily provides very little help in
changes it into an AP lyase, albeit at the expense of the elucidating the identity of substrate(s) and underscores the
glycosylase reactioff® Finally, mutations in the active site  importance of obtaining functional information.
of Nfo revealed that the phosphatase and phosphodiesterase As a biological system, DNA repair exhibits several of
activities toward 3DNA ends could be decoupled. In the hallmarks of an evolvable system. As evolution takes
contrast to the examples of conferring a new activity, it was place on the level of a population, it is reasonable to consider
shown that an active site mutation in this enzyme greatly that evolution has shaped a system that is inherently
decreased the catalytically promiscuous activity toward amenable to evolution. First, many DNA repair activities are
phosphomonoester hydrolysis without altering phosphodiesterredundant. This could allow greater flexibility in recruiting
hydrolysis activity?* any given enzyme to a new function because gene duplication
The relative ease with which DNA repair activities have would not necessarily be required, as mutation of any one
been altered and the large effects of single mutants that areenzyme would be buffered by the activity of a functionally
sometimes observed suggest that for at least some enzymegedundant enzyme. Second, the majority of DNA repair
there are evolutionary pathways by which new activities enzymes appear to have broad substrate specificity and
could be incrementally optimized. Most protein engineering reasonably large rate enhancements. This provides an
experiments have been directed toward metabolic enzymesabundant source of enzymes with low levels of promiscuous
and there are many examples that span the range of structuradctivities that could be improved in response to a biological
enzyme classes and of chemical reaction types!416310311  gelection for new or increased DNA repair activity. Finally,
As relatively few experiments have been directed toward the relatively simple structure of DNA ensures that few types
changing the specificity of DNA repair enzymes, it is still  of catalytic reactions are required to repair any damage. As
too early to say whether DNA repair enzymes differ evolutionary pathways for changes in substrate specificity
fundamentally from other metabolic enzymes. Nevertheless, are likely to be more favorable than the pathways for creation
the early indications suggest that DNA repair enzymes are of new catalytic mechanisms, this is expected to provide
no different than other enzymes with respect to their increased capacity for new DNA repair pathways. Thus, the
evolutionary potential. This has implications for the evolution catalytic promiscuity and broad substrate specificity of DNA
of DNA repair responses to novel types of DNA damage repair enzymes are consistent with their apparently complex
and for the way in which the balance between repair and evolutionary histories and further suggest that there is
mutation might be altered (see below). considerable potential for future evolutionary diversification
of enzymatic function in response to changing levels and
8. Summary: DNA Repair, a Highly Evolvable sources of DNA damage.
System for Safeguarding the Genome
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