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Abstract
This review is focused on proteins with key roles in pathways controlling either reactive oxygen
species or DNA damage responses, both of which are essential for preserving the nervous system.
An imbalance of reactive oxygen species or inappropriate DNA damage response likely causes
mutational or cytotoxic outcomes, which may lead to cancer and/or aging phenotypes. Moreover,
individuals with hereditary disorders in proteins of these cellular pathways have significant
neurological abnormalities. Mutations in a superoxide dismutase, which removes oxygen free
radicals, may cause the neurodegenerative disease amyotrophic lateral sclerosis. Additionally, DNA
repair disorders that affect the brain to varying extents include ataxia-telangiectasia-like disorder,
Cockayne syndrome or Werner syndrome. Here, we highlight recent advances gained through
structural biochemistry studies on enzymes linked to these disorders and other related enzymes acting
within the same cellular pathways. We describe the current understanding of how these vital proteins
coordinate chemical steps and integrate cellular signaling and response events. Significantly, these
structural studies may provide a set of master keys to developing a unified understanding of the
survival mechanisms utilized after insults by reactive oxygen species and genotoxic agents, and also
provide a basis for developing an informed intervention in brain tumor and neurodegenerative disease
progression.
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Introduction
Proteins that control cellular levels of reactive oxygen species (ROS) or DNA damage
responses are essential to the nervous system. This is because an imbalance of ROS may cause
significant damage to the cell, which often produces a cytotoxic or mutational outcome. DNA
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is surprisingly susceptible to both exogenous and endogenous DNA damaging agents,
considering that it is the carrier of genetic information. If the DNA damage is not corrected by
repair mechanisms, deleterious mutations and genomic instability may arise, leading to aging
and cancer. Additionally, since DNA repair mechanisms are imperfect accumulation of both
nuclear and mitochondrial DNA damage, in post-mitotic cell may have a central role in
neurodegeneration and aging pathologies. Therefore, the defenses against DNA damaging
agents merit close attention for their significance to neuropathologies.

Responses to ROS and DNA damage have many critical links to neuroscience. The damage
from stroke is likely linked to ROS, with resulting damage to membrane components, proteins,
and DNA. The long-term stability of human embryonic stem cells, with their potential for repair
of neuronal defects, depends upon their effective DNA repair responses. Damage within
actively transcribed genes has to be repaired, otherwise defective proteins are likely to be
produced, or the more bulky DNA lesions may block transcription, triggering cell death. DNA
damage to regulatory regions can cause the stochastic deregulation of gene expression, and
provide a mechanism for age-related degeneration and cell death. Mouse models involving the
mutation of key DNA repair enzymes support a role for these proteins in the control of aging
and cancer, as well as reveal the etiology of neurological abnormalities in the brain
(Hoeijmakers, 2001). Defects in either ROS controlling enzymes or DNA double-strand break
(DSB) repair genes are also the cause of several human hereditary diseases. These disorders
present clinical phenotypes that are often linked to tumorigenesis and neurological
abnormalities. Severe neurodegeneration is clearly apparent in some disorders, such as
Cockayne syndrome (Lehmann, 2003), while more aging-related phenotypes are present in
others, including Werner syndrome (Goto, 1997). Thus, the emerging knowledge of mutations
and polymorphisms in key human ROS and DNA repair genes may provide an informed basis
for improved strategies for interventions into brain tumors and neurodegenerative disorders.
Yet, to date no unifying theory exists to explain the root causes of aging and neurodegenerative
diseases.

Here, we focus on the important gains in our knowledge of the cellular mechanisms controlling
ROS and DNA repair events, through insights provided by structural biochemistry studies. We
describe the known roles, disease phenotypes and molecular mechanisms of key ROS and DNA
repair proteins within the nervous system. We highlight how these proteins coordinate chemical
steps within pathways, as well as integrate any signaling and response events, often through
dynamic conformational changes in structure. The results of these studies may therefore
provide a more unified understanding of molecular survival mechanisms from ROS and DNA
damaging insults. Moreover, these findings may provide new templates for rationally based
therapeutic design, for the treatment of brain tumors and neurodegenerative diseases.

ROS Removal by Manganese Superoxide Dismutase
The high metabolic activity of post-mitotic neuronal cells typically produces significant
quantities of ROS. However, neurons are also relatively sensitive to ROS and
neurodegenerative disorders, including amyotrophic lateral sclerosis, Alzheimer disease and
Parkinson disease have been linked to damage caused by ROS (Andersen, 2004). 90 % of the
ROS in the cell are generated by mitochondria, as the toxic by-products of energy generation.
Most of these free radicals are rapidly scavenged in the cell, by the superoxide dismutase (SOD)
enzymes. SOD enzymes catalyze the disproportionation of superoxide anion radicals to
molecular oxygen and hydrogen peroxide, and are the enzymes that provide the master controls
for ROS levels in the cell (Silverman and Nick, 2002).

The important role of SOD in the brain was highlighted by genetic inactivation of the
mitochondrial form of SOD, manganese SOD (MnSOD), in mice. This resulted in dilated
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cardiomyopathy, hepatic lipid accumulation, and early neonatal death (Li et al., 1995).
Treatment with an SOD mimetic, MnTBAP, rescued the MnSOD −/− mutant mice from this
systemic pathology and dramatically prolonged their survival (Melov et al., 1998). However,
surviving animals developed a pronounced movement disorder, which progressed to total
debilitation by 3 weeks of age. Neuropathologic evaluation showed a striking spongiform
degeneration of the cortex and specific brainstem nuclei. This was associated with gliosis and
intramyelinic vacuolization, and was similar to that observed in cytotoxic edema and disorders
associated with mitochondrial abnormalities, such as Leigh disease and Canavan disease. It
was suggested that because of the failure of MnTBAP to cross the blood-brain barrier,
progressive neuropathology is caused by excessive mitochondrial production of ROS (Melov
et al., 1998), normally removed by MnSOD.

To define how MnSOD controls ROS levels in the cell, the molecular mechanism of MnSOD
has been extensively characterized through combined structural and biochemical studies. The
crystal structure of human MnSOD revealed that the enzyme forms a homotetramer (Borgstahl
et al., 1992). Each subunit contains a N-terminal helical hairpin and a C-terminal α/β domain.
The helical hairpins form two symmetrical 4-helix bundles, which assembles the tetramer. The
active site of each subunit is at the junction between the helical hairpin and the α/β domain.
The active site contains four amino acid side chains, His26, His74, Asp159 and His163, and
one solvent molecule. These coordinate a single manganese ion in a strained trigonal
bipyramidal geometry. The active site of the enzyme also shows an apparent hydrogen-bonded
network of side chains and water, which extends from the manganese bound solvent molecule
at the active site, to solvent-exposed residues and the interface between subunits (Borgstahl et
al., 1992,Silverman and Nick, 2002) (Fig. 1). This hydrogen-bonded network is suggested to
support proton transfer in catalysis, providing a mechanism for delivering protons to the active
site, and a means by which the pKa of the active-site water is regulated (Silverman and Nick,
2002).

Structure-based mutagenesis (Guan et al., 1998,Leveque et al., 2000,Hearn et al.,
2003,Greenleaf et al., 2004,Hearn et al., 2004) or chemical modification (Ayala et al., 2005a)
of the hydrogen bonding partners have highlighted how these residues control the enzyme's
activity. The network consists of the metal bound solvent forming a hydrogen bond with
Gln143 Nε, which subsequently hydrogen bonds to the Tyr34 hydroxyl group. A conserved
water molecule then mediates the hydrogen bond between Tyr34 and His30, near the surface,
and His30 also forms a hydrogen bond with Tyr166 from another subunit (Fig. 1). Any
alterations in these residues significantly affect both the enzyme's catalytic activity and
stability, despite minimal structural changes in the active site (Guan et al., 1998,Leveque et
al., 2000,Hearn et al., 2003,Hearn et al., 2004,Ayala et al., 2005a,Ren et al., 2006). Structures
revealed that substitution with smaller amino acids, allows for water molecules to replace the
endogenous side chain, fulfilling the necessary interactions to compliments the hydrogen bond
network. Most of these substitutions at Gln143 create an enzyme whose activity is about 2-3
orders of magnitude lower than in the wild-type enzyme (Leveque et al., 2000). The Tyr34Phe
mutant has a steady-state turnover resembling that of the wild-type enzyme, but at high
superoxide levels the rate decreases by 10-fold (Guan et al., 1998,Ayala et al., 2005a).
Changing His30 lowered the Kcat/Km by about one order of magnitude, suggesting that there
is some flexibility in the chemical properties of residue 30, but that a histidine in this position
creates the most efficient enzyme (Hearn et al., 2003). Similarly, mutation of Tyr166 also
shows a decrease in Kcat/Km of about an order of magnitude (Cabelli et al., 1999). Thus, the
lower activity of the mutant enzymes suggests that maintenance of the correct hydrogen bond
partners in MnSOD is essential for the highly tuned reactivity of the active site, functioning to
minimize ROS damage to the brain.
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ROS and Copper,Zinc Superoxide Dismutase
One of the most common neurological disorders in humans is amyotrophic lateral sclerosis
(ALS or Lou Gehrig's disease), which affects approximately 1 in 200,000 people (Cleveland
and Rothstein, 2001). The disorder usually strikes in mid-life and leads to progressive paralysis
and death within one to five years of the onset of symptoms, due to the selective killing of
motor neurons. The disease is inherited in an autosomal recessive manner in 5–10% of cases,
which is referred to as familial ALS (FALS)(Cleveland and Rothstein, 2001). All the genes
directly linked to FALS have not been identified. However, mutations in the superoxide
dismutase1 (SOD1) gene give rise to approximately 20% of FALS cases (Deng et al.,
1993,Rosen et al., 1993,Rakhit et al., 2002) while mutations in several other genes, including
ALS2, SETX, or VAPB cause much rarer forms of FALS (Kunst, 2004). SOD1 encodes a
cytosolic copper,zinc superoxide dismutase (Cu,Zn SOD), which similar to the mitochondrial
MnSOD, is responsible for the disproportionation of harmful superoxide radicals to hydrogen
peroxide and oxygen (Fridovich, 1986).

Structural studies on human Cu,Zn SOD have revealed that the enzyme is composed of two
identical subunits, which form an exceptionally stable homodimer (Parge et al., 1992). The
enzyme uses electrostatic guidance and exquisite substrate specificity, to achieve a faster than
diffusion reaction rate (Getzoff et al., 1983,Fridovich, 1986). A multitude of SOD1 mutations
have been identified in FALS patients (Gaudette et al., 2000,Andersen, 2001), which are
predominantly single amino acid substitutions, along with a few truncations. The mutations
are dispersed throughout the 153 amino acid residue SOD polypeptide (Deng et al., 1993).
Structural, biochemical and pathological studies have lead to several hypotheses being
provided for the molecular mechanisms that lead to the disease. The more recent experimental
data support the idea that toxicity of intracellular Cu,Zn SOD aggregates may result from
protein misfolding or impaired protein degradation. This is in common with many other
neurodegenerative diseases, which are noted to have protein aggregates in brain tissue
(Wanker, 2000,Dobson, 2001,Soto, 2001). Aggregates have been observed in both mouse and
cell culture models of ALS. These aggregates are found in the cytoplasm, are strongly
immunoreactive to Cu,Zn SOD antibodies and cannot be dissociated with strong detergents or
reducing agents (Durham et al., 1997,Bruijn et al., 1998). Furthermore, in transgenic mice the
ALS aggregates can be detected biochemically months before the onset of symptoms (Shibata
et al., 1996,Johnston et al., 2000). One proposed mechanism of FALS mutant SOD-mediated
toxicity is the coprecipitation of mutant Cu,Zn SOD with essential cellular components (Bruijn
et al., 1998,Johnston et al., 2000,Cleveland and Rothstein, 2001) and this has been
demonstrated with the copper chaperone for SOD (CCS)(Kato et al., 2001), nitric oxide
synthase (NOS) and phosphorylated neurofilaments (Chou et al., 1996). Yet, it is not entirely
clear how the many different Cu,Zn SOD single-site mutations, which are widely dispersed
throughout the protein sequence, can give rise to the same FALS pathology. Some clarification
was provided by combined structural, biochemical and biophysical characterizations of two
FALS mutant SOD proteins (DiDonato et al., 2003). These two FALS proteins represent the
two major structural classes of SOD mutations. The first mutant, H43R, disrupts the proteins
hydrophobic packing, and the second, A4V, disrupts the dimer interface. To separate possible
secondary destabilization and aggregative events due to oxidation of the free cysteine residues
(C6 and C111) from changes caused directly by the H43R and A4V mutations, the mutations
were examined in the context of the C6A/C111S HSOD (HSOD-AS) parent, which retains the
wild-type fold and activity (McRee et al., 1990,Hallewell et al., 1991,Parge et al., 1992). These
two mutants retain nearly wild-type structures, but an overall architectural destabilization of
these proteins propagates from the point mutations, to promote the formation of fibril-like
aggregates (DiDonato et al., 2003). The cysteine-independent aggregation of FALS mutants
is enhanced by factors of 7–80 times, compared to the parent HSOD-AS. Aggregation severity
is also likely to be enhanced by the presence of the free cysteine residues, which can form
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disulfide bonds to covalently lock the fibrous aggregates. Visualization of these aggregates by
electron microscopy and atomic force microscopy revealed that they resemble those found in
post-mortem studies of FALS patients, and bind dyes that detect amyloid-like structure. Thus,
the structural biochemistry data provides evidence for a molecular mechanism for initiating
FALS toxicity, whereby framework destabilization and loss of dimer assembly specifically
promote fibril formation, with consequent implications for mitochondrial damage and motor
neuron cytotoxicity (DiDonato et al., 2003).

Hydrogen Peroxide Removal by Catalase
The catalase protein completes the process of eliminating ROS by converting hydrogen
peroxide into water and oxygen. In addition to this defense against oxidative damage, human
catalase has roles in ethanol metabolism (Zimatkin et al., 1998), inflammation (Halliwell and
Gutteridge, 1984), apoptosis (Yabuki et al., 1999), aging and cancer (Miyamoto et al., 1996).
Catalases convert two molecules of hydrogen peroxide to two molecules of water and one
molecule of oxygen, via a two-step reaction (Deisseroth and Dounce, 1970). In step one, the
heme Fe3+ reduces a hydrogen peroxide molecule to water and generates a covalent Fe4+=O
oxyferryl species with a porphyrin π-cation radical, referred to as compound I. In step two,
compound I oxidizes a second peroxide molecule to molecular oxygen and releases the ferryl
oxygen species as water. Several catalase crystal structures have been determined, aiding our
understanding of reactive oxygen control by defining the reaction and inhibition mechanisms
(Goth, 1997). These studies include the definition of the chemistry of the human catalase,
through structures of the resting-state enzyme and complexes of a catalase bound to cyanide
and 3AT inhibitors (Putnam et al., 2000).

Human catalase forms a tetrameric assembly and this may be important to ensure that the active
site is sequestered and that the enzyme is competent to complete the reaction. Interestingly, an
unstable catalase isolated from patients homozygous for a Swiss-type acatalasemia, a
hereditary catalase deficiency disorder, rapidly disassociates into inactive dimers with reduced
heme content. This suggests that catalase assembly variants may play roles in disease
susceptibility (Aebi et al., 1974), in addition to nonsense and splicing mutations (Hirono et al.,
1995). From the structural data, a mechanism for the recognition and removal of peroxide by
catalase has been proposed (Putnam et al., 2000). Hydrogen peroxide is selected for by a
‘molecular ruler’, a narrow, hydrophobic channel that promotes occupancy of a single peroxide
molecule, binding the active site heme and blocks the passage of large molecules. The peroxide
forms an iron coordination complex at the bottom of the hydrophobic channel, with one oxygen
atom forming hydrogen bonds to two side chains, and the other directly ligating the metal.
Catalase uses these two asymmetric interactions with the substrate to prime the otherwise
symmetric peroxide bond for heterolytic bond cleavage; good geometry for both iron
coordination and hydrogen bond formation to side chains would require stretching of the
peroxide bond, furthering the complex towards the cleavage transition state. The reaction then
continues by either a concerted hydride transfer or by stepwise transfer of two electrons and a
proton. The ligation of the first peroxide to the metal also opens up the channel and this likely
promotes binding of a second peroxide by the ruler, to allow the second stage of the reaction
and return the enzyme to the resting state for the next catalytic cycle.

ROS and Nitric Oxide Synthase
Another reactive oxygen species, nitric oxide (NO), acts in key physiological processes within
the central nervous system. NO may play important roles in neurodevelopment, synaptic
plasticity, neurotransmitter release, neurotransmitter reuptake and regulation of gene
expression (Guix et al., 2005). Additionally, excessive NO production plays a function in
mediating neurotoxicity associated with a variety of neurological disorders, including stroke,
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Parkinson's Disease, Alzheimer's disease and other neurodegenerative dementias, including
HIV dementia (Aliyev et al., 2004,Togo et al., 2004). NO may also be involved in the
neurodegeneration observed during normal aging. Therefore, inhibitors of NO production may
prove to be attractive compounds for treatment of neurodegenerative disorders and
cerebrovascular incidents (Alderton et al., 2001,Iadecola and Alexander, 2001,Rosenfeld et
al., 2002).

NO is a small, easily diffusible and transient free radical, whose availability is controlled at
the synthesis level, by the nitric oxide synthase (NOS) enzymes. The NOS enzymes produce
NO through the conversion of arginine to citrulline, utilizing oxygen and NADPH co-
substrates. In mammals there are three NOS isoforms, which have been named after the activity
or tissue type in which they were first associated. These NOS isoforms are neuronal NOS
(nNOS), endothelial NOS (eNOS) and inducible NOS (iNOS). nNOS and eNOS are
constitutively expressed isozymes, controlling basal NO levels and synthesizing NO in
response to increases in intracellular calcium levels. iNOS is expressed in response to specific
cytokines, growth factors or bacterial products, and its NO production is independent from
intracellular Ca2+ levels (Mayer and Hemmens, 1997).

Functional NOS isozymes are homodimers and each isozyme subunit contains an N-terminal
catalytic oxygenase module (NOSox), a connecting Ca2+/calmodulin (CaM) binding region
and a C-terminal electron-supplying reductase module (NOSred) (Abu-Soud et al., 1995) (Fig.
2a). Extensive crystallographic studies on NOSox in complex with substrate, intermediates,
and inhibitors of the three isozymes have considerably advanced our understanding of the
structural chemistry underlying NOSox catalytic activity (Crane et al., 1997,Alderton et al.,
2001,Li et al., 2002,Rosenfeld et al., 2002). The NOSox domain is built from a unique, winged
β-sheet fold (Crane et al., 1997). NOSox binds L-arginine substrate, heme, and two
tetrahydrobiopterin cofactors and a zinc ion that stabilize the NOS dimer interface (Crane et
al., 1998,Raman et al., 1998,Crane et al., 1999,Fischmann et al., 1999). NOSox accepts
electrons from NOSred to catalyze the sequential monooxygenation of L-arginine, into N-
hydroxyarginine and then into citrulline and NO. The reductase domain binds and transfers
electrons from NADPH to the oxygenase domain, with the aid of one flavin adenine
dinucleotide (FAD) and one flavin mononucleotide (FMN) moiety. Detailed understanding of
the NOSred molecular mechanism was gained from the crystal structure of the NOSred module
(Garcin et al., 2004) (Fig. 2). NOSred belongs to a large protein family, including NADPH-
dependent cytochrome P450 reductase and sulfite reductase flavoprotein. An α-helical
connecting domain (CD) orients flanking FMN- and FAD-binding domains, to align the two
flavins (Wang et al., 1997). Electron transfer proceeds from NADPH, to the FAD, to FMN and
then to the oxygenase heme (Adak et al., 1999). This last step is rate-limiting (Miller et al.,
1999), occurs in trans, from the NOSred of one polypeptide to the NOSox of the other. This
step is triggered by conformational changes that are induced by Ca2+/CaM binding (Siddhanta
et al., 1996).

Structural biochemistry data elucidated from a fully assembled reductase dimer of nNOS (Fig.
2b, c) provided critical insights into this domain's regulation and molecular mechanism (Garcin
et al., 2004). An autoinhibitory helix motif, a CD regulatory element, the C-terminal tail and
phosphorylation, function to regulate NOS activity, which is exquisitely tuned to control NO
production (Roman et al., 2002). In all isozymes, the 21–42-residue C-terminal tail (CT)
represses electron transfer, by locking the FMN-binding domain in the electron-accepting
position. In addition, eNOS and nNOS contain the 42–45-residue auto-inhibitory helix (AH)
within the FMN-binding domain, which interferes with Ca2+/CaM binding and inhibits both
intra- and inter-module electron transfers. Also, a regulatory element, the ‘CD2A’ loop of a
protruding β-finger present in the CD of eNOS and nNOS, plays an autoinhibitory role in the
control of NO by interaction with the CaM-binding peptide (Knudsen et al., 2003). The
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upregulation of eNOS and nNOS activity is controlled by phosphorylation of both the CT and
AH regulatory elements and by reversible Ca2+/CaM-binding.

An experimentally determined structure of full-length NOS remains elusive, perhaps due to
the required flexibility of its functional components inhibiting crystal growth. However, the
structure and biochemical analysis of the nNOSred dimer provided a template for a model of
the holo-nNOS enzyme assembly (Garcin et al., 2004). The NOS model was built by connecting
the dimeric NOSox modules and a CaM: NOS-peptide complex (Aoyagi et al., 2003) to the
NOSred structure. Model building was constrained by the short CaM binding linker between
NOSox to NOSred. Therefore, out of the potential assembly states, a model with the NOSox
C-terminus facing the NOSred N-terminus will produce a compatible linker length (Fig. 3a,
right). In this model the polypeptide chains cross each other, and the CaM-binding linker brings
together opposing NOSox and NOSred modules (Fig. 3a, right). The shortest distance between
the FMN and heme cofactors is 70 Å in this model, which is substantially too long for direct
intermodule electron transfer (Page et al., 1999). Therefore, the structural, biochemical and
modeling results indicate that the entire FMN domain serves as a one-electron shuttle, by
swinging back and forth between its two redox partners (Fig. 3b). The flexible hinge region in
NOS would serve as the pivot point for this motion (Fig. 2b). This model is consistent with the
proposed role of the same region in the structurally related cytochrome P450-BM3
(Sevrioukova et al., 1999) and reminiscent of those found in multiple redox centers containing
proteins (Zhang et al., 1998,Lennon et al., 2000,Leys et al., 2003). Additionally, this swinging
FMN domain mechanism would account for the slow rate of inter-module electron transfer in
NOS. The dimerization NOS would provide a means for fine-tuning this electron transfer
mechanism, where the two redox partners of the FMN shuttles are located on adjacent
polypeptides. Promotion of inter-molecule transfer would occur through both binding of
Ca2+/CaM and phosphorylation of the CT, which would displace the repressive C-terminal tail
and thereby unlock the FMN-binding domain for shuttling.

ROS and Pathogens
Pathogens are likely to amplify ROS damage in the CNS during pathogenesis. This includes
Neisseria meningitides, which is the major cause of meningitis worldwide. Neisseria
pathogenesis is mediated through molecular machines, particularly the type IV pili system
(Craig et al., 2004). Recently, structures elucidated through a combination of cryo-electron
microscopy and crystallography studies have revealed how type IV pilus fibers function, using
surface groves as receptor-like binding sites for adherence and host cell interactions (Craig et
al., 2006). This interaction, as part of the invasion process, is able to increase intracellular
calcium bursts (Ayala et al., 2005b). Moreover, the pilus of Neisseria gonorrhoeae, which
shares substantial sequence conservation with N. meningitides, acts cooperatively with a porin
to induce calcium ion transients in infected epithelial cells (Ayala et al., 2005b). Such calcium
mediated signaling by pathogen invasion in neuronal cells is expected to increase ROS stress
(Koedel and Pfister, 1999), through the calcium-mediated activation of neuronal NOS (Aoyagi
et al., 2003). Therefore, a combination of factors may exacerbate ROS production and provide
increased risk of damage to the brain. Additionally, apoptosis-mediated pathology may be
accentuated post-mitotic neuron cells, which have a high metabolic rate and oxygen utilization.
Their high metabolic ROS generation is further accentuated by NO used in signaling and by
stimulation of NOS, by calcium burst during invasion. Besides directly increasing cellular
apoptosis, these ROS events increase DNA damage, with implications for degenerative
diseases.
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DNA Repair, Cancer and Aging in the Nervous System
Accumulation of mitochondrial and nuclear DNA damage, which can occur by ROS and a
large variety of other genotoxic agents, in post-mitotic cells plays a key role in aging and
neurodegeneration. The human DNA repair proteins restore the normal nucleotide sequence
and DNA structure after damage (Wood et al., 2001), through an array of different responses
that depend on the type of damage. Base excision repair (BER) corrects DNA base alterations,
which have not distorted the DNA helix, including oxidative base damage. Evidence for BER
in neurons includes the repair of GT and GU mismatches, from studying highly enriched
neuronal populations of the cerebellar extracts (Brooks et al., 1996). Nucleotide excision repair
(NER) differs from BER by responding to DNA helix distorting damage and by removing short
segments of nucleotides in its repair process, rather than single bases. Evidence for NER in the
brain also includes studies on cerebellar extracts (Brooks, 1998) and also a few rare hereditary
diseases in known NER genes that cause marked neurological pathology, which are discussed
later. Mismatch repair (MMR) is another type of excision repair, removing mispaired bases
resulting from replication errors. This post-replicative pathway might be expected to be down
regulated in the postmitotic neurons, yet several lines of evidence do indicate the presence of
MMR proteins in the brain (David et al., 1997,Marietta et al., 1998,Belloni et al., 1999).

In addition to base damage, breaks in the backbone can occur, either as single-strand breaks
(SSBs) or as DSBs. SSBs are efficiently repaired by a mechanism that shares many common
features with the later steps in BER. DSBs initiate a coordinated response to ensure resolution
of the damage and cellular survival. The lack of a complementary strand to act as a template
for repair in DSBs means the cell has a particularly dramatic response, where a single
unrepaired DSB can be lethal to the cell (Bennett et al., 1993). The repair of DSBs occurs via
the homologous recombination repair (HRR) or the nonhomologous end joining (NHEJ)
pathways. HR events occur in cells just prior to cell division, with replicated DNA, and strand
exchange occurs between the two copies so that a suitable template can be used for correct
repair. In the nervous system, HR is particularly important for proliferating cells during
development. However, for non-dividing cells NHEJ is the predominant pathway, rejoining
two broken ends of DNA without a template and therefore resulting in the potential loss of
genetic information. Inactivation of proteins in the DSB repair pathways in mice leads to either
embryonic lethality, neurodegeneration or brain tumors, indicating their critical requirement
to the brain. Furthermore defects in either HR or NHEJ can lead to certain types of brain tumors.
Here, we highlight some of the most recent structural biochemical observations of several key
DNA repair genes that when mutated can give rise to severe clinical phenotypes, which include
the brain to vary extents.

Mitochondrial DNA Repair by mtPol
Terminally differentiated cells need never replicate their genomes and may therefore dispense
with the daunting task of maintaining several DNA repair systems to constantly scan their
entire complement of DNA. Yet, the mitochondria of neurons have to replicate as well as repair
their DNA. Mutations in mitochondrial DNA (mtDNA) have been linked to several
neurodegenerative diseases as well as normal aging (Zeviani and Spinazzola, 2003). The
principle mechanisms to avoid mutations in mtDNA are the control of ROS and the repair of
DNA damage. Reduced DNA repair or increased ROS are correlated with the induction of
apoptosis. Human mitochondria use a single DNA polymerase (pol γ) for both DNA replication
and repair (Kaguni, 2004). Mutations in pol γ itself cause autosomal dominant or recessive
progressive external ophthalmoplegia (ad/arPEO), a human disorder manifesting exercise
intolerance, muscle weakness, peripheral neuropathy, deafness, ataxia, cataracts, and
hypogonadism. Additionally, knock-in mice expressing an exonuclease-deficient pol γ display
dramatic effects of premature-aging.
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The molecular mechanism of DNA synthesis by pol γ has been studied through structure-
function analysis. Human pol γ is a two-subunit enzyme (Kaguni, 2004). The catalytic core
(pol γ–α) is a member of family A DNA polymerases, the prototypes of which include E.
coli DNA polymerase I and T7 DNA polymerase. Pol γ–α contains a polymerase domain and
an exonuclease domain required for accurate DNA replication. The high processivity required
for mitochondrial DNA replication is ensured by an accessory subunit (pol γ–β). Results from
extensive mutagenesis on Drosophila pol γ suggest that the two subunits interact through
multiple sites, influencing both DNA binding and activity of the pol γ holo-enzyme (Fan and
Kaguni, 2001). The crystal structures of the human and mouse pol γ–β have been determined
(Carrodeguas et al., 2001,Fan et al., 2006b), but structural information on the pol γ–α catalytic
core has not yet been defined. The two pol γ–β structures are highly homologous, both form a
dimer structure and share structural similarity to class IIa aminoacyl-tRNA synthetases. These
structures, combined with the structure of the bacteriophage T7 DNA polymerase, a homolog
of pol γ–α, have lead to the development of a structural model of the pol γ holo-enzyme ternary
complex (Fan et al., 2006b)(Fig. 4). This model also includes primer/template DNA substrate,
and an incoming nucleotide (Fig. 4). In keeping with the recent structural, (Carrodeguas et al.,
2001,Fan et al., 2006b), biophysical (Carrodeguas et al., 2001,Yakubovskaya et al., 2006) and
mutagenesis results (Fan and Kaguni, 2001), the model proposes that the pol γ holo-enzyme
consists of two pol γ–β and a single pol γ–α, subunits. The model suggests that multiple regions
of subunit interaction between pol γ–β and the γ–α catalytic core allow the holo-enzyme to
encircle the newly synthesized double-stranded DNA, and thereby enhance DNA binding
affinity and holo-enzyme processivity. The biochemical properties of a set human pol γ–β
mutants were also explained by the model, and these helped elucidate the role of the accessory
subunit, which acts as a novel type of processivity factor in stimulating pol γ activity and in
enhancing processivity (Fan et al., 2006b).

Double-Strand Breaks and Mre11/Rad50/Nbs1
The Mre11/Rad50/Nbs1 (MRN) protein complex plays a central role in repairing DNA DSBs
during HRR and it may also have a role in NHEJ (Stracker et al., 2004). The essential nature
of MRN is highlighted by studies demonstrating that null mutations in any of the three proteins
in mice lead to embryonic lethality (Xiao and Weaver, 1997,Luo et al., 1999,Zhu et al.,
2001). Moreover, rare defects in the MRN complex cause neurological dysfunction and cancer
predisposition in humans. Mutations in the Mre11 component give rise to ataxia-telangiectasia-
like disorder (ATLD), with its increased radiosensitivity and an increased level of
spontaneously occurring chromosome aberrations, and an ataxia clinical phenotype. Mutations
in Nbs1 cause Nijmegen Breakage syndrome, which displays similar symptoms to ATLD and
is characterized by microcephaly, radiosensitivity, immunodeficiency, increased cancer risk,
particularly lymphoid malignancy and growth retardation.

The MRN complex is among the first set of proteins recruited to sites of DSBs during HRR,
where it forms nuclei foci. The role of MRN in these foci is likely connected to DNA end
processing events and to cell cycle checkpoint signaling, through both ATM checkpoint kinase
(D'Amours and Jackson, 2002,van den Bosch et al., 2003,Assenmacher and Hopfner, 2004)
and global genome histone H2AX (Paull et al., 2000). This crucial checkpoint step halts cell
cycle progression, until the DSBs breaks are either repaired or the cells are triggered to undergo
apoptosis (Khanna and Jackson, 2001). These functions of MRN are being defined at the
molecular level, through a combination of biological, biochemical, and structural studies.
These indicate that MRN plays multifaceted roles in the following diverse activities. MRN acts
as a DNA-damage sensor, as an enzymatic effecter in DNA damage repair and as a transducer
of critical damage-response signals to the cell cycle checkpoint apparatus (Stracker et al.,
2004). The diverse roles appear to be combined due to MRN functioning in part, as a multi-
purpose tether that bridges severed DNA ends (Chen et al., 2001,de Jager et al., 2001,Hopfner
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et al., 2002b). This finding has been derived through visualization of the MRN molecular
machinery by crystallographic studies of the Mre11-Rad50 (MR) core complex and analysis
of the overall framework from both electron- and atomic force-microscopic imaging of intact
MRN (Chen et al., 2001,de Jager et al., 2001,Hopfner et al., 2002b).

The MR core complex exists as a heterotetrameric assembly (M2R2) whose morphology is
divided into distinct head, coil and hook domain regions (Fig. 5). The head of the complex
possesses ATP-stimulated nuclease activity, where the Rad50 ATPase controls the Mre11
nuclease. Nbs1 also appears to be part of the head, through its interactions with Mre11 (Zhang
et al., 2006). Perhaps the most striking feature of the MRN complex is the long antiparallel
coiled-coil tails that are capped by hook-like structures, which that can form an interlocked
hook/Zinc/hook bridges joining two Rad50 coiled-coils (Hopfner et al., 2002a). The integrity
of this hook is required for Rad50-Rad50 homodimeric interactions and MRN function in
vivo (Wiltzius et al., 2005). However, the exact nature of the supramolecular structure of these
joined coiled-coils remains to be determined. One intriguing model suggests that they form
large loops and that these loops are closed at one end by the global head and linked at the other
end by the zinc hooks (Fig. 5). This structure is reminiscent of the proposed ring model for
cohesin (Gruber et al., 2003). In the presence of DNA substrates intermolecular joining of two
MRN complexes occurs (Hopfner et al., 2001,Hopfner et al., 2002a)(Fig. 5). Two head domains
linked by the coiled-coils and zinc hooks may bind to opposing sister chromatids, providing a
critical architectural function for early steps of homologous recombination. Thus, it appears
that the MRN complex acts as a critical nexus point for both the signaling and effector functions
in specific DNA damage responses, through combing regulated enzymatic activities with its
fairly unusual architectural features.

Double-Strand Breaks, Base Excision Repair and WRN
Hereditary mutations in WRN are associated with Werner syndrome (WS), a rare autosomal
recessive disorder that gives rise to multiple progeroid pathologies, including osteoporosis,
atherosclerosis and a greatly increased cancer incidence (Goto, 1997). Rapid aging associated
symptoms occur post-pubescence and are present in a wide variety of body systems. Increased
aging in the central nervous system is still under debate, but analysis of WS individuals revealed
brain atrophy in 40% of individuals (Goto, 1997). Schizophrenia was noted in 10% of WS
individuals and a few cases of senile dementia, which are not linked to Alzheimer's, were also
reported (Goto, 1997). Moreover, sensitive magnetic resonance imaging methods have
demonstrated diffuse structural and metabolic tissue damage in the brains of WS individuals
(De Stefano et al., 2003).

WRN encodes a 1,432-residue protein that contains a C-terminal nuclear-localization signal
(Yu et al., 1996). Mutations in WS individuals are nonsense or frameshift mutations, which
leads to a truncated protein that cannot localize to the nucleus (Matsumoto et al., 1997,von
Kobbe and Bohr, 2002) and is generally degraded in the cytoplasm (Moser et al., 2000). WRN
belongs to the RecQ helicase family that is widely distributed across the domains of life
(Hickson, 2003) and is named after the E. coli founder (Nakayama et al., 1984). The human
genome also contains four other RecQ helicase family members, RecQ1, BLM, RecQ4L and
RecQ5. Mutations in BLM, and RecQ4L cause Bloom syndrome and Rothmund-Thomson
syndrome, respectively (Harrigan et al., 2003). Werner, Bloom and Rothmund-Thompson
syndromes share a predisposition to cancer, but notable pathological differences suggest that
each disease pathway is functionally distinct.

WRN has been implicated to function in multiple DNA metabolism steps, but precise roles
remain incompletely defined (Ozgenc and Loeb, 2005). Biochemical characterization of WRN
helicase has shown ATPase activity and unwinding of partial-duplex DNA substrates with 3′-5′
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polarity (Gray et al., 1997). Alternate DNA conformations are preferred over double-stranded
DNA (dsDNA), and substrate specificities suggest roles in DNA replication, recombination
and repair events (Shen et al., 1998,von Kobbe et al., 2003b). Significantly, a unique feature
of WRN among all the human RecQ helicases is the addition of an exonuclease domain. This
domain was first identified by sequence analysis (Moser et al., 1997,Mushegian et al., 1997),
and then demonstrated to degrade dsDNA with 3′ recessed termini with a 3′-5′ directionality
(Huang et al., 1998). WRN exonuclease functions on a variety of structured DNA substrates
that include bubbles, stem-loops, forks and Holliday junctions, as well as on RNA-DNA
duplexes, which further implies roles in replication, recombination and repair (von Kobbe et
al., 2003b). WRN 3′-5′ exonuclease activity shows substrate specificity similar to that for the
helicase, suggesting that the two WRN enzymatic activities may have coordinated functions
on several classes of DNA structures (Opresko et al., 2001,Opresko et al., 2003).

WRN has been implicated in certain DNA repair events, as WS cells display hypersensitivity
to specific DNA-damaging agents (Bohr, 2005) and show a mild, yet distinct sensitivity to
ionizing radiation (Yannone et al., 2001,Cheng et al., 2004,Comai and Li, 2004). Moreover,
repair roles have been indicated by physical and functional interactions with proteins in the
DNA repair pathways. WRN links to BER include physical and functional interaction with
polβ (Harrigan et al., 2003), polδ (Szekely et al., 2000), replication protein A (RPA)(Brosh et
al., 1999), flap endonuclease 1 (FEN-1) (Brosh et al., 2001b), PCNA (Lebel et al., 1999) and
poly(ADP-ribose)polymerase 1 (PARP-1) (von Kobbe et al., 2003a). Possible roles in the HRR
pathway are suggested by interactions with the MRN complex (Cheng et al., 2004) and Rad52
(Baynton et al., 2003) and by colocalization with Rad51 in camptothecin-treated cells
(Sakamoto et al., 2001). Similarly, a link to the NHEJ pathway is indicated by in interactions
of WRN with the NHEJ-essential protein kinase DNA-PK (Yannone et al., 2001,Karmakar et
al., 2002a,Li and Comai, 2002). WRN activity is regulated by holo–DNA-PK (Yannone et al.,
2001,Karmakar et al., 2002a), WRN is an in vivo substrate of DNA-PK (Yannone et al.,
2001,Karmakar et al., 2002a) and the DNA-PK subunit Ku70/80 stimulates WRN exonuclease
activity in vitro (Cooper et al., 2000,Li and Comai, 2000,Li and Comai, 2001,Orren et al.,
2001,Karmakar et al., 2002b). Furthermore, WRN has been observed in an endogenous
complex with the Ku70/80 subunit and poly(ADP-ribose) polymerase-1 (PARP-1) (Li et al.,
2004). Notably, PARP-1 binds sites of SSBs and DSBs and is also implicated in the control of
genomic integrity and mammalian life span (Burkle et al., 2005).

WRN has a modular composition (Fig. 6a) and structural studies on the protein's domains and
those of homologues are helping to define WRN mediated functions (Killoran and Keck,
2006). The N-terminus of WRN contains the exonuclease domain, the central core contains
the helicase region and in the C-terminus two regions have been identified that bind protein
partners and/or DNA (Sharma et al., 2006). Crystallographic and structure based mutational
studies on the WRN exonuclease domain, have revealed a high degree of structural and
mechanistic conservation with the DnaQ family of replicative proofreading exonucleases
(Perry et al., 2006) (Fig. 6b). These structural biochemistry studies on WRN exonuclease
revealed a two metal ion mediated mechanism of nucleotide substrate degradation, using
divalent cations that include Mn2+ and Mg2+. The lanthanide Eu3+ ions inhibit the WRN
exonuclease activity, probably due to either a greater charge state or their larger radii or both,
causing misalignment of the scissile phosphate of the DNA substrate. Ku70/80 specifically
stimulates this WRN exonuclease activity but inhibits the Klenow fragment exonuclease, its
closest structural homolog (Perry et al., 2006). This also suggests that the WRN exonuclease
domain may help impart functions mediated by WRN–Ku70/80. Additionally, WRN
exonuclease activity is required to fully compliment a Werner syndrome DNA-end joining
phenotype, in an in vivo plasmid based assay (Perry et al., 2006). The in vivo data did not define
a specific cellular pathway, but the elevated microhomology-mediated repair observed in WRN
exonuclease deficient cells is similar to the phenotypes associated with essential NHEJ proteins
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(Melek et al., 1998,Verkaik et al., 2002), possibly linking WRN to this pathway. However,
Werner syndrome cells have mild radiation sensitivity, which rules out WRN as an essential
DSB repair protein, but WRN exonuclease may nevertheless be used for resolution of a limited
class of DSBs.

This substantial functional divergence between WRN exonuclease and its structural homologs,
such as Klenow fragment exonuclease, may in part be explained by differences in higher-order
structural organization. The WRN exonuclease domain construct that was defined by
crystallography studies is monomeric. However, a similar WRN exonuclease construct forms
homo-hexamers upon interaction with DNA or PCNA (Xue et al., 2002). Also, a larger WRN
N-terminal construct, residues 1-333 and containing the exonuclease domain, forms a stable
homomultimer (Huang et al., 2000). Multimerization potentially affects substrate specificities
and enzymatic activities of the full-length WRN protein. The multimerization state of WRN
homologues is still under debate (Sharma et al., 2006), but the human homolog BLM has been
observed to form hexameric and/or tetrameric rings (Karow et al., 1999). A WRN exonuclease
hexameric ring model (Fig. 6c) has been built based on a multimeric A. thaliana structural
homolog (PDB code: 1VK0) (Perry et al., 2006). This WRN exonuclease ring contains a
positively charged central cavity with the exonuclease domain facing the center and it is large
enough to accommodate dsDNA. Ring formation would allow for efficient protein handoffs
and regulation of DNA-end processing and avoid the risks of release of broken DNA strand.

Important insights into the molecular mechanisms of WRN have also been discovered from
the structure of the conserved RecQ helicase core from the E. coli homologue (Bernstein et al.,
2003). The RecQ crystal structure revealed the presence of four domains in the helicase core
(Fig. 6d). The two N-terminal domains are helicase lobes that share structural similar to
superfamily (SF) 1 and 2 helicases, but have some features unique to the RecQ family. The
classical seven helicase sequence motifs (I, Ia, II, III, IV, V & VI) which couple nucleotide
triophosphate (NTP) binding and hydrolysis with unwinding nucleotide duplexes, are
conserved. Motifs I and II (the walker A and B motifs) interact with the non-hydrolyzable ATP
analog, ATP-γ-S and Mg2+ in co-crystal structure of E. coli RecQ with these moieties
(Bernstein et al., 2003) (Fig. 6e) and this is similar to SF1 & 2 helicases. In addition, a conserved
region specific RecQ helicases, ‘motif 0’, forms a pocket to preferentially accommodate the
adenine base of ATP, over other NTPs. This is similar to the Q motif in RNA DEAD-box
helicases, indicating a possible evolutionary link between the two families. Mutations in the
helicase motifs disrupt the function of RecQ helicases (Killoran and Keck, 2006). In WRN, a
mutation in Motif I in mice induces a Werner phenotype in mice tail-derived fibroblasts (Wang
et al., 2000). However, how DNA binding and unwinding is mediated by the helicase motifs
is still undefined, but the lobes likely use strategies similar to SF1 & 2 proteins. The diminished
ability to bind DNA substrates with restricted backbone flexibility (Wang et al., 2000) and
regions of sequence similarity to SF1 indicates that WRN helicase may function a base-flipping
mechanism proposed in SF1, despite overall sequence similarity to SF2 helicases (Bernstein
et al., 2003).

Two domains following the helicase lobes in the RecQ conserved core form the RecQ C-
terminal region, RecQ-Ct. This region is composed of a Zn2+ binding domain and a winged
helix domain (Fig. 6c). Zn2+ is ligated in the E. coli structure via four cysteine side chains from
two helices and a connecting loop (Fig. 6f). The cysteine side chains are conserved in the RecQ
family and mutations in these residues disrupt RecQ helicase function, and are sufficient to
cause Bloom syndrome when mutated in BLM (Ellis et al., 1995). The winged helix domain
forms a helix-turn-helix fold in the E. coli crystal structure (Bernstein et al., 2003) and in a
more recently determined NMR structure of this domain in WRN (Hu et al., 2005) (Fig. 6g).
This domain in WRN binds several alternate DNA substructures, including forks, holding
junctions, 3′ recessed dsDNA and binds blunt-ended dsDNA or ssDNA (von Kobbe et al.,

Perry et al. Page 12

Neuroscience. Author manuscript; available in PMC 2008 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2003b). Notably, the WRN winged helix domain facilitates targeting of WRN to the nucleolus
(von Kobbe and Bohr, 2002) and interactions of several of the potential protein partners of
WRN have also been specifically mapped to this winged helix domain (Lee et al., 2005),
indicating the critical and versatile nature of this domain in WRN.

The remaining C-terminal domain of WRN is the HRDC (Helicase RNase D Conserved)
domain. The structures of the E. coli and S. cerevisae HRDC domains have been determined,
which have a globular all α-helical fold (Liu et al., 1999,Bernstein and Keck, 2005) (Fig. 6h).
HRDC domains bind DNA substrates and differences in the composition of HRDC surface
residues alters the substrate affinities between the RecQ helicases. In WRN the HRDC domain
preferentially binds to forked duplex DNA and holiday junction DNA with high affinity, and
3′ recessed DNA to a lesser extent (von Kobbe et al., 2003b). This suggests that this domain
is utilized in replication and recombination functions of WRN. Significantly, the interactions
with the WRN C-terminus, containing the winged helix and HRDC domains, have been
indicated to regulate the activity of WRN or of the partner protein. The WRN exonuclease
domain activity is regulated through the interaction of its C-terminus with p53 (Blander et al.,
1999), Ku70/80 (Cooper et al., 2000,Li and Comai, 2000,Brosh et al., 2001a,Karmakar et al.,
2002b) and PARP-1 (von Kobbe et al., 2004). While WRN helicase activity is regulated by C-
terminal interactions that include TRF2 (Opresko et al., 2002), Rad52 (Baynton et al., 2003)
and PARP-1 (von Kobbe et al., 2004). An example of WRN stimulation of partner proteins
includes the FEN-1 partner protein, whose structures with DNA and PCNA have been defined
(Hosfield et al., 1998,Chapados et al., 2004). WRN interaction that was mapped to the winged
helix domain stimulates FEN-1 nucleolytic activity, by more than 80-fold (Brosh et al.,
2001b). Therefore, it will be most interesting to define how these interactions are able to
regulate WRN catalytic activities, how key DNA and/or protein interactions may potentially
allow for controlled handoffs during WRN mediated pathway progression and how the
breakdown of this pathway progression, in the absence of functioning WRN, gives rise to the
disease phenotype.

NER and the XPB helicase
NER functions to restore short segments of nucleotides containing DNA helix distorting
mutations. These typically occur from carcinogenic compounds and covalent linkages between
pyrimidine bases caused by UV exposure. Clearly, UV light does not penetrate the skull, but
there is evidence that DNA exposed to oxygen radicals generated by ionizing radiation can
produce DNA lesions that require NER for repair (Satoh et al., 1993). NER is a particularly
versatile DNA repair system that is capable of global genome repair (GG-NER) and also
transcription-coupled repair (TC-NER), where the template strand of actively transcribed genes
is preferribly repaired. Hereditary mutations in NER genes clearly demonstrate that the
inherited DNA repair potential has profound influence on an individual's health and life span
(de Laat et al., 1999). Moreover, much of our understanding of NER has been derived from
studies on cells from individuals with NER defects that present clinical phenotypes. This
includes patients with the rare genetic disorders xeroderma pigmentosum (XP),
trichothiodystrophy (TTD) and Cockayne syndrome (CS). These diseases are characterized by
high skin and eye photosensitivity, manifested at different levels (Lehmann, 2003). XP
individuals are hyperphotosensitive, have marked skin cancer risk and may have
neuropathology caused by neuronal degeneration. Some of the XP individuals have a combined
XP-CS phenotype, which has the severe neurological and developmental anomalies typical of
CS that are caused by demyelination in the brain. The TTD individuals have characteristically
brittle hair and nails, and may also present physical and mental retardation.

One key gene that is associated with all three disorders is the XPB helicase (Weeda et al.,
1997), which is part of the general transcription factor TFIIH complex (Schaeffer et al.,
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1993). The XPB ATPase and helicase activities are essential for promoter DNA melting (Tirode
et al., 1999) and clearance steps (Tirode et al., 1999) during initiation of transcription by RNA
pol II. In addition to these transcriptional functions XPB also plays a role in NER. Recent
developments in structural and biochemical characterization of XPB helicase have begun to
address some of the key questions on the underlying mechanisms of how XPB and TFIIH
function in both transcription and NER (Coin et al., 2004,Coin et al., 2006,Fan et al., 2006a).
Structural biochemistry studies have been conducted on a homolog of the human XPB, the
archea Archaeoglobus fulgidus XPB (AfXPB) (Fan et al., 2006a). AfXPB shares 42% amino
acid sequence similarity with the central region of human XPB, suggesting that the core XPB
structure is conserved. As indicated by sequence comparison, the AfXPB structure contains
two RecA-like helicase domains (HD1 and HD2) that belong to helicase superfamily 2.
However, several other functional regions in XPB were discovered that were not predicted
either through sequence analysis or biochemical characterization. A small N-terminal domain
is attached to helicase domain HD1 (Fig. 7), which shares structural similarity to the mismatch
recognition domain of the DNA mismatch repair protein MutS (Obmolova et al., 2000). This
domain in AfXPB has been demonstrated to interact with some types of damaged DNA, and
was hence termed the damage recognition domain (DRD) (Fan et al., 2006a). XPB DRD differs
from the MutS domain, by lacking a critical Phe residue that is used for interaction with
mismatch-specific lesions. Instead, AfXPB DRD likely recognizes distortions in the DNA
typically caused by the broad spectrum of NER lesions. Therefore, this region may explain
how DNA damage is located and linked to initiation of DNA unwinding during NER steps by
XPB/TFIIH. Also present is a highly conserved XPB-family specific RED amino acid motif
located in domain HD1, (Fig. 7c). Mutational analysis suggests that this XPB RED motif has
a critical role in DNA unwinding function (Fan et al., 2006a). The C-terminal region contains
the helicase domain HD2, and a thumb domain (ThM) insert. The ThM domain is predicted to
bind DNA in a sequence independent manner, via the phosphodiester backbone. This is based
on its similarity with the thumb domain of DNA polymerases and the presence of several
conserved positively charged amino acid residues at the interface between the ThM and HD2
domains (Fan et al., 2006a).

Interestingly, large conformational changes in helicases are known to be required for
translocation along the duplex DNA and are coupled by ATP hydrolysis (Soultanas and Wigley,
2000,Soultanas and Wigley, 2001). AfXPB seems to follow this general trend. The relative
orientation of the two helicase domains HD1 and HD2 observed in the full-length AfXPB is
different than the “closed” conformation observed in crystal structures of nucleotide-bound
helicases, suggesting a significant reorientation of the two helicase domains would have to take
place to bring the functional helicase motifs to the active cleft (Fig. 8). This could occur through
a long flexible loop that connects the N and C terminal helicase domain. These observations
have also lead to a proposed mechanism for the involvement of XPB in the unwinding of duplex
DNA at sites of DNA repair and transcription (Fig. 8). When XPB is recruited to DNA, the
DRD domain is proposed to recognize the distorted and damaged DNA. This interaction
induces a reorientation of helicase domain HD2 via a rotation of ∼170°, and allows XPB to
wrap around the DNA. During transcription initiation, such a conformational change may result
from interaction of the XPB C-terminus (including ThM and HD2 domains) with 3'-
overhanging DNA. In both cases, in this new “closed” configuration, the RED motif would be
ideally placed at the helicase active site, with the side chains intruding into the distorted DNA
duplex. The ThM domain now “grips” one strand of the DNA above helicase domain HD2,
whereas the other strand may lie in the groove on the opposite side of the RED motif. In this
position, the RED motif would function as a “wedge” to unzip the DNA when ATP hydrolysis
drives XPB to move along the duplex DNA during NER. However, it is noticed that DNA
melting by XPB during transcription initiation is possibly mediated through an unconventional
helicase mechanism (Kim et al., 2000), in which XPB functions as a molecular “wrench”:
rotating downstream DNA relative to the fixed upstream protein-DNA interactions. Therefore,
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the conformation observed in the AfXPB structure may represent a “transcriptional mode” of
XPB tuned for this action, whereas the domain reorientation described above is NER-specific
and only occurs upon the interactions of the DRD with damaged DNA. If these mechanisms
are true, the conformation of XPB will decide whether TFIIH functions as a transcription factor
or a DNA repair factor. In other words, XPB acts as a master key, helping TFIIH switch pathway
selection for transcription or DNA repair, whenever it is recruited to the DNA.

Defining the AfXPB structural biochemistry has uncovered some unexpected structural motifs
and functions for XPB. However, AfXPB only correlates to the central region of human XPB.
Disease-related mutations exclusively occur in the N- and C-terminal extensions of human
XPB, suggesting that mutation to the conserved XPB central region is lethal. AfXPB reflects
the basic structure and function of XPB helicases. However, the extensions to the human XPB
are likely to contribute to a greater level of complexity and control. Phosphorylation of residue
S751 at the C-terminal extension of human XPB was reported to regulate TFIIH activity in
NER reactions (Coin et al., 2004). The physical and functional interactions between XPB and
other proteins within and outside of the TFIIH complex have been investigated recently
(Jawhari et al., 2002,Coin et al., 2006). They occur in the extensions and have profound effects
on the TFIIH activities in transcription or DNA repair. Therefore, we expect that future studies
will similarly uncover new functions for human XPB. For example, it will be interesting to see
how the structural and mechanistic features highlighted above will fit into the ring-structure
of human TFIIH complex (Chang and Kornberg, 2000,Schultz et al., 2000) and propagate
signals and coordinate pathways in the context of several protein cofactors involved in
transcription or DNA repair events.

Perspectives
We have presented the recent structural biochemistry results on proteins that when defective
may give rise to severe neurological disorders. These novel studies are considerably aiding our
understanding of the molecular basis of the complex disease phenotypes. The structural studies
when coupled with in vitro and in vivo biochemistry analysis have provided not only a detailed
understanding of catalytic mechanism at atomic resolution, but also provide insights into how
the disease phenotypes occur through mutations in specific residues, such as observed in the
ROS controlling superoxide dismutases. Some remarkable and unexpected discoveries have
also been made into how the proteins and their key complexes are regulating pathway
progression, often through conformational changes induced by substrate binding, signaling
events or by protein partner binding. Notably, major architectural alterations in the protein
assemblies are being suggested, such as those seen with the MRN complex, which likely allows
for the bringing together of two distal sister chromatids for the proceeding HRR steps. Another
significant example is the fine control of activities of the NOS holo-enzyme, suggested to occur
through either promoting or inhibiting a molecular shuttle in the dimeric protein complex.
Pathway progession may also be regulated through the mimicry of DNA or protein partners.
There are several examples of proteins mimicking DNA interactions to form complexes
(Putnam and Tainer, 2005) and these were initially identified in the BER pathway (Mol et al.,
1995,Savva and Pearl, 1995,Putnam et al., 1999). A significant example of protein interface
mimicry occurs in Rad51 filament formation, which is central to HRR steps. Structural
biochemistry studies indicate that filament formation occurs by the sequential binding of
adjacent Rad51 monomers mimicking a BRC repeat. This BRC repeat is normally found in
the BRCA2 partner that mediates critical functions of Rad51 (Pellegrini et al., 2002,Shin et
al., 2003). Thus, it will be interesting to see if interface mimicry and exchange participates in
DNA repair events critical to genomic stability in the brain.

Overall, these structure-based studies are producing perhaps the most accurate and highly
testable models, which define cellular pathway transitions that occur through the formation of
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macromolecular assemblies. Such dynamic assemblies are now beginning to be characterized
through combined crystallography and small angle x-ray scattering studies to define their
architectures (Tsutakawa, 2006). Thus, these advanced structural methods are defining in depth
a set of cellular master keys, which control the complex steps in pathway progression that
provide genomic stability and protection from insults from ROS and DNA damage agents.
Moreover, these novel structural studies have presented possibilities for new therapeutics to
be generated through rational structure-based drug design studies. These therapeutics may be
geared towards the treatment or the disruption of neurological disease progression. The proteins
described may be useful targets for several disease states. This includes MRN complex or the
WRN RecQ helicase, which may prove to be suitable targets for therapies against tumorigenesis
(O'Malley et al., 2003,Sharma et al., 2005) that includes the brain, this is in addition to their
roles in neurological degeneration. The NOS isoforms also have multiple functions that may
be targets for therapeutic strategies including the control of blood pressure, wound healing,
migraines and Alzheimer's disease (Togo et al., 2004,Thatcher, 2005,Ramadan and Buchanan,
2006,Vignini et al., 2006). This is in addition to the NO mimetic that is currently in clinical
trials for Alzheimer's disease (Thatcher et al., 2006).
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Fig 1.
The Human MnSOD active site. In the wild type MnSOD structure (PDB code 1N0J) the His26,
His74, His163, and Asp159 side chains and a water molecule chelate a single Mn2+ ion. The
active site hydrogen bond network, depicted by grey spheres, starts at the metal bond solvent
that forms a hydrogen bond to Gln143 and then follows with a bond to Tyr34. A conserved
water molecule then mediates the hydrogen bond between Tyr34 and His30, and His30 also
forms a hydrogen bond with Tyr166 from another subunit.
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Fig 2.
Proposed holo-NOS. a) The modular structure of nNOS. This schematic representation shows
the domain organization of nNOS, indicated above, the regions binding the substrate and
cofactors, below, phosphorylation sites are indicated by *, and the regulatory sequence
elements are colored in magenta. The N-terminal PDZ domain mediates intracellular
localization of nNOS. b) stereoview of the NOSred fold. The different domains of NOSred are
labeled and color-coded to match a; from the N to C terminus: yellow, FMN domain; red, hinge;
blue, CD; green, β-finger; dark gray, FAD domain; and orange, NADPH domain. NOS
regulatory elements include the autoinhibitory helix, CD2A loop, and C-terminal tail (AH,
CD2A, and CTN in magenta). Cofactors are depicted as ball-and-stick models and unstructured
regions are shown as semitransparent white tubes. c) stereo view of nNOSred dimer. Subunit
A-red is related to subunit B-red by the vertical non-crystallographic 2-fold axis. The FMN-
binding domains (yellow) protrude in opposite directions (in front for left B-red; in back for
right A-red). This figure was adapted from (Garcin et al., 2004)
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Fig 3.
Proposed holo-NOS assembly and domain movements. a) Three possible models for dimeric
holo-NOS, dimeric NOSox and NOSred modules are represented by pairs of spheres and
rectangles, respectively. The FMN domain is shown as a yellow box. The nNOSox C terminus,
labeled C, and nNOSred N terminus, labeled N, are covalently linked in holo-NOS by the
intervening CaM-binding regions, indicated by dashed lines. b) Schematic drawing for the
proposed holo-NOS assembly and domain rearrangements. The assembly corresponds to the
models at the right in a) NOSox and NOSred are colored in orange for chain A and blue for
chain B. The CaM: NOS-peptide complex is depicted as two red spheres, the heme, NADPH,
FAD, and FMN cofactors as ball-and-stick models and the FMN domain as a yellow ribbon.
Binding of CaM frees the FMN-binding domain, and allows trans inter-module electron
transfer through alternating electron-accepting, left, and electron-donating, right, positions for
the FMN domain. This figure was adapted from (Garcin et al., 2004).
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Fig 4.
Structural model of the pol γ holo-enzyme/template-primer DNA complex. Bacteriophage T7
DNA polymerase in a ternary complex with template–primer DNA and ddGTP was docked
onto the surface of the accessory subunit dimer of human pol γ (a) Overview of the pol γ/DNA
complex. (b) A partial view of the complex looking down the dsDNA helix, where the dsDNA
is represented by the magenta spiral and bases. Pol γ–β is depicted as a backbone structure with
monomers colored green and yellow. The human pol γ–β mutants that helped elucidate the role
of the accessory subunit, acting as a processivity factor in stimulating pol γ activity and in
enhancing processivity (Fan et al., 2006b) are shown in black, magenta, blue and red. T7 pol
is in blue ribbon with the exonuclease domain in orange; P, F, T and E designate the palm,
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fingers and thumb subdomains, and the exonuclease domain, respectively. Thioredoxin in the
T7 complex is shown in gray for comparison, and is not part of the pol γ holo-enzyme. This
figure was adapted from (Fan et al., 2006b).
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Fig 5.
MRN assembly models. a) Intracomplex Zn-hook minimizes unproductive, intercomplex
interactions in the absence of DNA. b) DNA binding straightens the Rad50 coiled coils, which
favors inter-complex tethering via Rad50 Zn-hooks with extended and parallel coils. “k”
indicates kink regions that intersperse regions with strong coiled coil-forming potential “cc.”
The figure was adapted from (Williams and Tainer, 2005).
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Fig 6.
WRN exonuclease structure and hexameric ring model. a) WRN protein is modular, composed
of an N-terminal exnuclease domain (blue), helicase lobes (red and yellow), RecQ-Ct region
(green, cyan) and C-terminal HRDC domain (purple). b) The WRN exonuclease structure
(adapted from (Perry et al., 2006)). WRN exonuclease has an α/β fold belonging the DnaQ
family of proofreading exonucleases. The α-helices, β-strands are active site residues, (yellow
tubes with red oxygens) are labeled. Two Mn2+ metal ions that bind in the active site and can
mediate dsDNA degradation are shown in magenta. c) The WRN exonuclease hexameric ring
model, built by structural superimposition with the A. thaliana homlogue (PDB code: 1VK0).
The active site of the exonuclease, containing grey spheres denoting metal ions, faces the center
of the ring, which is large enough to accommodate dsDNA. d) The E. coli RecQ crystal structure
containing helicase lobes I (red) and II (yellow), and the Zn2+ binding domain (green) and
winged helix domain (cyan) of the RecQ-Ct domain (Bernstein et al., 2003). e) ATP-γ-S and
a Mn2+ ion (purple) are bound in a cleft formed by helicase motifs, I II and motif 0 that forms
a pocket for the adenine base. f) A Zn2+ ion (orange) is bound in the RecQ-Ct region by cysteine
side chains that are well conserved in RecQ helicases and are critical for function. f) The WRN
winged helix domain that binds DNA and protein partners. The side chains that constitute the
probable DNA binding interface are depicted (Hu et al., 2005). g) In the E. coli HRDC structure,
side chains predominantly on α-helix 1 constitute a ssDNA binding interface (Bernstein and
Keck, 2005). However, DNA substrates vary among the RecQ helicases and substrate
specificity may be mediated by differences in their HRDC domains.
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Fig 7.
XPB conserved motifs and structural architecture. a) Schematic alignment between AfXPB,
Af, and human XPB, Hs. The conserved helicase motifs I-VI and RED are colored by bars, the
N-terminal DRD and ThM domains are colored by boxes. b) N-terminal domain of AfXPB
showing the MutS-like DRD, blue, joins helicase domain HD1, cyan. c) Full length AfXPB
showing the hinge joining HD1 and HD2, the RED motif side chains, plus the architectural
arrangement of the domains. d) The C-terminal domain of AfXPB showing HD2, green and
protruding helical polymerase-like thumb domain, purple, ThM that is partly disordered in full
length AfXPB.
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Fig 8.
Proposed structure-based mechanism whereby damage verification by XPB promotes
unwinding of damaged dsDNA for NER. a) Schematic model shows how XPB DRD, depicted
in blue, HD1, cyan, RED motif, red, HD2, green, and ThM, purple, may be activated by dsDNA,
yellow, containing a DNA damage site, orange. AfXPB initially binds to damaged DNA in an
open conformation. DNA damage verification by N-XPB, DRD and HD1, induces the rotation
of the C-terminal XPB domain, HD2/ThM. This forms the closed helicase-DNA complex,
facilitated by HD1 mediated ATP hydrolysis that aids dsDNA melting at the lesion, orange,
to allow the RED loop residues, red, to intrude between the opened DNA strands. The red
arrow indicates the direction in which the RED motif unzips the base pairs. b) The predicted
closed AfXPB conformation consisting of structural domains DRD, blue, HD1, cyan, and HD2,
green, together with motifs RED, red sphere side chains, and ThM, purple. c) A proposed
AfXPB-DNA complex. The AfXPB surface is mapped with the color-coded electrostatic
potential, red negative, white neutral, blue positive. The DNA, purple phosphate backbone
with bases as gold bars, was taken from the helicase Pcr-DNA complex (PDB code 3PJR)
connected to a thymine-dimer-containing DNA from the photolyase-DNA complex (PDB code
1TEZ).
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