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ABSTRACT

Conserved Iron-Sulfur (Fe-S) clusters are found in
a growing family of metalloproteins that are
implicated in prokaryotic and eukaryotic DNA repli-
cation and repair. Among these are DNA helicase
and helicase-nuclease enzymes that preserve
chromosomal stability and are genetically linked
to diseases characterized by DNA repair defects
and/or a poor response to replication stress.
Insight to the structural and functional importance
of the conserved Fe-S domain in DNA helicases
has been gleaned from structural studies of the
purified proteins and characterization of Fe-S
cluster site-directed mutants. In this review, we
will provide a current perspective of what is known
about the Fe-S cluster helicases, with an emphasis
on how the conserved redox active domain may fa-
cilitate mechanistic aspects of helicase function. We
will discuss testable models for how the conserved
Fe-S cluster might operate in helicase and helicase-
nuclease enzymes to conduct their specialized
functions that help to preserve the integrity of the
genome.

DNA METABOLIZING PROTEINS WITH THE
CONSERVED IRON-SULFUR CLUSTER

Iron—Sulfur (Fe-S) clusters have been identified in a
diverse group of proteins with a wide range of biological
functions such as transcription regulation (e.g. SoxR,
Elp3), spore photoproduct lyase, electron transport in
the respiratory complexes of bacteria and mitochondria,
photosystems, carbohydrate metabolism (e.g. aconitase)
and biotin synthesis (e.g. S-adenosyl L-methionine biotin
synthase) (1,2). Elaborate mechanisms for biogenesis of

Fe-S clusters have been characterized (3-5). The
growing number of human diseases with defects in Fe—S
cluster assembly or function suggests that proteins with
the Fe-S cluster are tailored for highly specialized and
essential cellular duties (6,7). To begin, we will briefly
discuss DNA repair glycosylases and the eukaryotic
primase that contain the conserved Fe-S cluster, which
provides a background to address the importance of the
conserved motif for DNA helicases and helicase—nucle-
ases. We will then focus our discussion on structural,
mechanistic and biological aspects of DNA helicases and
helicase—nucleases enzymes with conserved Fe-S clusters
to gain a better appreciation of their specialization and
significance. Redox activity of the Fe-S cluster is
proposed to play an important role in the biochemical
and cellular functions of this special family of DNA meta-
bolic enzymes.

DNA GLYCOSYLASES

A 4Fe-4S cluster was first discovered in Escherichia coli
endonuclease III, a glycosylase, which removes oxidized
pyrimidines from duplex DNA (8). A number of addition-
al base excision repair (BER) glycosylases, including an
adenine and weak guanine glycosylase known as MutY
(9,10) as well as a family of uracil DNA glycosylases
(11) were subsequently identified with the conserved
4Fe—4S cluster [for review, see (12)]. Given the unique
importance of DNA glycosylases as initiators of BER
that cleave the glycosidic bond between damaged base
and sugar, researchers have considered it highly relevant
to characterize the structural and functional significance
of the conserved Fe-S cluster in this class of enzymes,
which display a wide range of substrate specificity.
Biochemical and structural studies of Fe-S cluster
glycosylases suggest that the domain containing the
cluster is involved in DNA binding, and the interaction
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of the Fe-S cluster domain with DNA directly affects ef-
ficiency of base lesion detection and removal (13,14). The
4Fe—4S clusters found in DNA glycosylases are vulnerable
to oxidation when the domain contacts DNA, consistent
with the redox potential of the Fe—S cluster. It has been
proposed that the redox behavior of DNA glycosylases
may aid this class of proteins to scan the DNA duplex
for damaged bases. This area of research continues to be
a highly debated one since it is of considerable interest to
understand how DNA repair machinery efficiently locates
sites of damage over the millions of base pairs in the
human genome. Furthermore, clinically relevant variants
of DNA glycosylases may have altered Fe-S domain
structure or activity. For example, mutations in the gene
encoding the human MutY homolog that are associated
with colorectal cancer were identified that may perturb the
proper function of the Fe-S cluster domain (15).

PRIMASES

Eukaryotic primases can initiate DNA synthesis by
creating short RNA  primers from individual
ribonucleotides. Generally speaking, eukaryotic primases
contain two subunits that are tightly associated with each
other and DNA polymerase o. Studies from the Pellegrini
(16) and Chazin (17) labs showed that the larger subunit
of eukaryotic primase contain a conserved Fe—S domain
whose integrity is required for primase to initiate cellular
DNA replication. The conserved Fe-S domain is
characterized by the appearance of four neighboring
cysteine residues that are responsible for each chelating
an Fe atom. The fact that the primase 4Fe—4S domain is
required for enzymatic as well as biological activity
suggests that the Fe-S cluster plays a critical role in its
structure and function. It is conceivable that DNA
primases like glycosylases and helicases, use the redox
active Fe-S cluster domain to perform their DNA meta-
bolic functions.

A high-resolution structure of a human primase
domain, which harbors the conserved Fe-S cluster
revealed that the Fe-S cluster is integral to the overall
structure of the domain and helps to organize the
protein surface to bind DNA (18). Furthermore, it was
proposed that the Fe-S cluster may serve to facilitate
DNA-mediated electron transport which could be import-
ant for the recognition of oxidized bases or other forms of
DNA damage. Regulation of DNA primase activity
through alteration of redox potential may occur during
abnormal replication through regions of damaged DNA.

STRUCTURAL ASPECTS OF DNA HELICASES AND
THEIR IMPORTANCE IN CELLULAR DNA
METABOLISM

In order to appreciate the potential significance of the
conserved Fe-S cluster in DNA helicases, it is helpful to
have a general perspective of what is known about helicase
structure, function and classification. Helicases are mo-
lecular motors that couple the energy of nucleoside tri-
phosphate (NTP) hydrolysis to the unwinding and

remodeling of polynucleic acid structures (19,20).
Helicases are involved in virtually all aspects of nucleic
acid metabolism, including replication, DNA repair, re-
combination, transcription, chromosome segregation and
telomere maintenance (20-24). Depending on its sub-
strate, helicases can be classified as DNA or RNA un-
winding enzymes, although some helicases can function
on both DNA and RNA (23). DNA helicase-like
proteins have been reported to act in a variety of DNA
metabolic processes that include unwinding duplex or al-
ternate (triplex, G-quadruplex) DNA, displacing protein
bound to DNA, chromatin remodeling and strand anneal-
ing (25-28).

Based on their primary amino acid sequences, helicases
are classified into four small families and two large
families, superfamilies 1 and 2 (SF1 and SF2) (20). Fe-S
clusters have been found in both superfamilies of DNA
helicases (discussed below). Mutational and crystallo-
graphic studies have provided structural information on
the spatial organization of the conserved motifs that form
the helicase catalytic core. The crystal structures of SF1
helicases UvrD (29) and PcrA (30) and SF2 helicases,
including RecG (31), NS3 (32), RecQ (33), VASA (34)
and Hel308 (35,36), revealed that there are two universal
RecA folds, which are essential for nucleic acid binding,
NTP binding and hydrolysis and coupling of NTP hy-
drolysis to nucleic acid unwinding. Located at the inter-
face between the two RecA-like domains are the seven
signature helicase motifs, designated motifs 1 (or
Walker A), Ia, II (or Walker B), III, IV, V and VI. In
addition to these highly conserved seven helicase motifs,
some helicases also harbor less conserved, family-typical
domains, including a Q motif before motif I, two add-
itional motifs (Ib and Ic¢) after Ia, an extra motifs IIla
after III, a motif IVa between IV and V and two more
motifs (Va and Vb) between V and VI (20,37). Generally,
motifs I, II, VI and Q are essential for ATP binding and
hydrolysis, motifs Ia, Ib, IV and V are primarily respon-
sible for DNA binding, and motif III and Va are import-
ant for coupling ATP hydrolysis to remodeling events
such as unwinding (23,29).

It is likely that the accessory domains outside the RecA
core domains are important for the specialized functions
of each enzyme, thereby permitting helicases to be
involved in diverse aspects of RNA and DNA metabol-
ism. Recent studies of the SF2 XPD helicase revealed two
unique domains (Arch and Fe-S) that separate this family
of DNA helicases from others (next section).

DNA HELICASES WITH CONSERVED Fe-S
CLUSTERS

The White lab first reported a conserved metal-binding
domain in the XPD protein family of SF2 DNA helicases
(38). Sequence alignment of a region between the Walker
A and B boxes showed the presence of a conserved Fe—S
cluster punctuated by four cysteine residues that was
recognized in a variety of human, yeast and bacterial
helicases (Figure 1). Clinically, relevant mutations in the
Fe-S domain of XPD and FANCJ were shown to be
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Figure 1. Fe-S cluster in the helicase domain of XPD/FANCJ family of DNA helicases. (A) Relative positions of the conserved Fe-S domain
(yellow) are shown for the SF2 XPD/FANCIJ family of DNA helicases. Homo sapiens (Hs) FANCJ, XPD, ChlR1, RTEL, Ferroplasma acidarmanus
(Fac) XPD, Saccharomyces cerevisiae (Sc) Rad3 and E. coli (Ec) DinG are shown. Helicase domain is shown in purple. The BRCA1-binding domain
of HSFANCI is shown in green. The PCNA interaction motif (PIP) of HSRTEL is shown in blue. (B) Sequence alignment of the Fe-S domain
helicases. The four conserved cysteine residues are highlighted in orange. The XPD amino acid substitution R112H genetically linked to trichothio-
dystrophy is indicated. The FANCJ amino acid substitutions M2991 associated with breast cancer and A349P linked to Fanconi Anemia are shown.
Amino acid positions corresponding to the beginning and end of the Fe-S cluster are indicated. Amino acids residing between conserved cysteines

may not be shown due to space limitations.

genetically linked to the diseases trichothiodystrophy
(TTD) and Fanconi Anemia (FA), respectively. The
Fe—S domain helicases are emerging as a very important
family of proteins with cellular roles in DNA repair, rep-
lication, transcription and maintenance of genomic
stability.

XPD

XPD is a part of the transcription factor I H (TFIIH)
core complex, which plays an important role in nucleotide
excision repair (NER) as well as in basal transcription
(39). TFIIH is a eleven-subunit complex composed of a
core (XPG, XPB, p62, p52, p44, p34 and p8/TTDA)
associated with CAK (Cdk7, Cyclin H and MATI)
through the XPD subunit (40). Mutations in the human
XPD gene give rise to three different genetic disorders:
xeroderma pigmentosum (XP), TTD and Cockayne’s
syndrome (CS). XPD is classified as a SF2 5-3" DNA
helicase. Since XPD bridges the TFIIH core complex
and CAK subcomplex, XPD protein—protein interactions
are critical for the stability of the TFIIH complex.
Mutations in ATPase and/or helicase motifs of XPD
abolish TFIIH repair activity and DNA opening around

bulky DNA Iesions that serve as substrates for NER. As
part of the TFIIH core, XPD helicase activity is required
in NER, but not for the initiation of transcription.

Unlike human XPD, archaeal XPD is a monomer in
solution and has no known stable interactions with
other proteins, which makes it amenable to biochemical
and structural studies. The freshly purified recombinant
Sulfolobus acidocaldarius (Sa) XPD that had been
overexpressed in E. coli displayed a yellow—green color
with a broad shoulder of absorbance between 360 and
550 nm, indicating it contained an Fe-S cluster (38).
Further quantitative analysis demonstrated that wild-
type SaXPD contains about three iron atoms per
peptide. Site-directed mutagenesis implicated a set of
four conserved cysteine residues comprising the Fe—
S-cluster-binding site in yeast XPD (Rad3) (38). Further
analysis showed that the Fe—-S domain is not essential for
SaXPD protein stability, the enzyme’s ability to bind to
single-stranded DNA, or its ATPase activity, but is
required for helicase activity (38).

The three recently solved crystal structures of archaeal
XPD confirmed the existence of a novel Fe-S domain
(41-43). A structure of the apo-SaXPD catalytic core
with a 4Fe—4S cluster is shown in Figure 2 (41). All
solved XPD structures contained two Rad51/RecQ-like
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Figure 2. Structure of the apo-XPD catalytic core from Sulfolobus acidocaldarius. (A) The four XPD catalytic core domains are depicted in boxes for
helicase domain (HD) 1| (cyan), HD2 (green), 4FeS (orange) with cysteine (C) residues indicated and Arch (purple) domains. Conserved helicase
motifs (red bars with white labels) are shown. (B) XPD catalytic core fold and domains (ribbons). HDI (cyan) and HD2 (green) form the
nucleotide-binding pocket. Front view (left) shows that an arch is formed by the insertion of 4FeS (orange) and Arch (purple) domains, into
HDI. Side view (right) shows that HD2 protrudes from the flat box formed by HDI1, 4FeS and Arch as well as the HD2 helix-loop-helix insertion

(green). Figure was provided by Drs Jill Fuss and John Tainer (45).

domains (HD1 and HD2) with two additional domains,
the Fe-S and Arch domains, inserted between adjacent
B-strands of the central B-sheet of HD1 (Figure 2). The
conformational state of the Fe-S and Arch domains is
intimately connected with conserved helicase motifs
implicated in ATP binding and hydrolysis. It was
proposed that the Fe-S domain forms a wedge shape
with the nearby Arch domain to separate the DNA
duplex as the enzyme translocates in an ATP-dependent
manner. Mutations of the Fe-S domain, including the
conserved cysteines, abolished SaXPD helicase activity
and/or destabilized tertiary structure (38,41), attesting to
the structural importance of the Fe-S domain.
Site-directed mutagenesis of the four conserved cysteines
of the Fe-S cluster in the Rad3 (XPD) helicase from
Ferroplasma acidarmanus (FacXPD) revealed that the in-
tegrity of the domain is required for the proper folding
and structural stability of the auxiliary domain and is im-
portant for coupling ATP hydrolysis to unidirectional
translocation of helicase (44). Thus, the Fe-S cluster has
dual functions to stabilize elements of protein secondary
structure and target the helicase to the single-stranded/
double-stranded DNA junction (44).

Quite recently, the first structure of XPD from
Thermoplasma acidophilium (ta) in complex with a short
DNA fragment was reported (Figure 3) (45). The path of
the translocated DNA strand through the taXPD protein
was suggested, providing a model for the mechanism of
translocation by DNA helicases of the SF2B subfamily
that contain a 4Fe—4S cluster. The taXPD-DNA crystal
structure, combined with a mutational and biochemical

Figure 3. Structure of the 7. acidophilium XPD-DNA complex.
Overall structure of XPD, shown in a transparent surface representa-
tion, with the two RecA-like domains in yellow and red, the FeS cluster
domain in cyan, and the arch domain in green. The 4Fe—4S cluster is
shown by the spheres with orange (Fe atom) and yellow (Cys residue)
colors. The DNA identified in the electron density is shown in orange.
Combination of experimentally verified DNA is shown in orange with
modeled DNA shown in gray. Figure was provided by Drs Jochen
Kuper and Caroline Kisker (45).

analysis of taXPD, is significant because it revealed how
the 5 to 3’ directionality of translocation along DNA is
achieved and suggests how the XPD enzyme might behave
on relevant DNA substrates in NER. These conclusions
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on how regulation of translocation polarity by an Fe-S
domain helicase is achieved were further supported by
another very recent study using proteolytic DNA and mu-
tational analysis of taXPD (46). Collectively, these studies
suggest that Fe—S domain helicases achieve a polarity of
translocation opposite to that of 3'-5 helicases by con-
formational changes within the motor domain rather
than binding single-stranded DNA with an opposite
orientation.

It was poorly understood how mutations in a single
gene could lead to three different disorders until the
crystal structure of archaecal XPD was solved, which
greatly helped to explain the disease specificity of the
individual mutations in human XPD (41-43). These
studies suggested that XP-specific mutations would
affect single-stranded DNA and ATP binding, which
would disrupt XPD helicase function. The XP/CS pheno-
type mutations are likely to affect XPD conformation.
Most TTD mutations affect XPD protein structural integ-
rity, which in turn would disrupt protein—protein inter-
actions of XPD with other subunits of TFIIH.

One of the most common mutations in TTD patients,
amino acid substitution R112H, is localized in the Fe-S
domain of XPD just before the first conserved cysteine
residue (Figure 1). The R112H missense mutation has
been shown to result in a complete loss of XPD helicase
activity and a reduced basal transcription activity of the
TFIIH complex (47). TTD patient cells that harbor the
R112H variant also have reduced levels of TFIIH content
(48). Given that amino acid R112 is localized in the Fe-S
domain of XPD, it remains to be determined whether the
R112H TTD mutation has an effect on XPD protein iron
content, but it seems likely. Loss of iron content probably
contributes to structural defects of the XPD mutant
protein that abolish its helicase activity and interfere
with TFIIH protein—protein interactions.

FANCJ

FANCJ was first identified as a protein that binds to the
breast cancer C-terminal (BRCT) repeats of BRCAI,
therefore named BACH1 (BRCATl-associated C-terminal
helicase 1) (49), and subsequently renamed BRIPI
(BRCAI1 interacting protein 1) because a transcription
factor is named BACHI. BRIP1 was later identified as
the gene mutated in the J complementation group of
FA. Now, BACHI/BRIP] is widely referred to as
FANCJ (FA complementation group J). The identifica-
tion of FANCJ mutations in early onset breast cancer
patients (49,50) and FA Group J patients (51-53) impli-
cates FANCJ as a tumor suppressor caretaker that func-
tions in DNA double-strand break (DSB) and interstrand
crosslink (ICL) repair. FANCJ is considered a
low-to-moderate penetrance breast cancer susceptibility
allele, and is associated with modest 2- to 3-fold increases
in breast cancer risk (54), and accounts for 2% of FA
patients (55). FANCJ is not only one of the genes linked
to both FA and breast cancer, but also one of the few
genes in the FA-BRCA pathways predicted to have
direct roles in DNA metabolism (56).
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FANCJ encodes a 1249 amino acid protein and contains
seven conserved helicase motifs found in SF2 helicases.
Biochemically, FANCJ has been demonstrated to be a
bonafide DNA helicase that catalytically unwinds duplex
DNA (57,58) and G-quadruplex structures (59,60) in an
ATP hydrolysis-dependent manner. Studies support a role
for FANCIJ in homologous recombination repair of DNA
ICLs and DSBs (53). FANCIJ physically and functionally
interacts with human Replication Protein A (61), MLHI1
(62,63) and Bloom’s syndrome helicase (BLM) (64), three
key proteins in DNA repair and maintenance of genomic
stability (61,64). The helicase activity of FANCJ is
required for timely progression through S phase (65).
FANCIJ acts with TopBP1 in early DNA replication
checkpoint control (66), suggesting that FANCJ has
additional roles in the response to replication stress
and operates in a parallel pathway to the classic FA
pathway (67).

A pathogenic FANCJ-A349P amino acid substitution
(Figure 1), which resides immediately adjacent to the
fourth highly conserved cysteine of the Fe-S domain,
was reported to result in severe phenotypic abnormalities,
including intrauterine growth failure and death as a
stillborn fetus with a gestational age of 22 weeks (52).
Biochemical analysis of the purified recombinant
FANCJ proteins demonstrated that FANCJ-A349P
protein had a reduced iron content of one Fe atom per
polypeptide compared to three Fe atoms in each wild-type
FANCI protein monomer (68). From a functional stand-
point, the A349P substitution uncoupled ATP-dependent
DNA translocase activity from the enzyme’s ability to
unwind DNA or displace proteins bound to DNA. To
our knowledge, the effect of the A349P substitution on
FANCJ catalytic activities is distinct from any other
helicase disease mutation reported in the literature.
Thus, the integrity of the Fe-S cluster is essential for the
higher order catalytic functions of FANCJ. Importantly,
these results demonstrate that the ability of FANCIJ to
couple DNA translocase activity to its other DNA meta-
bolic functions is required for its roles in DNA repair.
Furthermore, the FANCJ-4349P mutant allele exerted a
dominant-negative effect on cellular resistance to agents
that induce DNA damage or replication stress, confirming
that FANCJ-A349P expression exerts deleterious effects
on cellular phenotypes (69).

Another naturally occurring FANCJ mutation, M2991,
has been identified in early-onset breast cancer patients
without a family history of breast or ovarian cancer
(57). Interestingly, the M2991 substitution occurs immedi-
ately adjacent to the second conserved cysteine in the Fe—S
domain of FANCJ (Figure 1). It is not known whether
M299I affects FANCJ’s metal-binding ability, although it
seems likely that the Fe—S cluster remained intact since the
purified recombinant FANCJ-M299I protein exhibited
greater ATP hydrolysis and increased helicase activity
than wild-type recombinant FANCIJ in vitro (57,70). The
increased motor ATPase activity of the FANCJ-M2991
variant enabled the helicase to unwind backbone-modified
DNA substrates in a more proficient manner (70),
substantiating the gain of function exerted by the Fe-S
domain mutation. How increased enzyme activity due to
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perturbation of the Fe-S cluster or some other biochem-
ical or structural effect exerted by the M2991 mutation
may contribute to cancer progression remains
unexplained.

Although the role of XPD helicase in NER is reason-
ably well understood, the precise molecular functions of
FANCIJ in ICL repair or of ChIR1 in sister chromatid
cohesion (next section) still remain a mystery. Further
studies are necessary to understand how Fe-S domain
helicases are uniquely equipped to perform their
specialized functions that help cells cope with replication
stress or DNA damage.

ChiR1

ChIR1 is a member of the FANCJ/XPD family of DNA
helicases, capable of unwinding duplex DNA in a 5-3
direction in an ATP-dependent reaction (71,72).
Recently, it was shown that hereditary recessive mutations
in the DDX11 gene encoding ChIR1 are responsible for a
rare genetic disorder known as Warsaw breakage
syndrome (WABS) (73). Studies of yeast CHL1 (74-76)
and mammalian CHLR1 (77,78) demonstrate that the
helicase is required for normal sister chromatid cohesion
and the maintenance of genomic stability. The emerging
evidence from yeast suggests that Chll participates in
cohesion establishment, a process that is believed to be
coupled with DNA replication. In C. elegans, CHL-1 1is
required for normal development, fertility and chromo-
somal stability (79). Interestingly, a role for C. elegans
CHL-1 in G-quadruplex DNA metabolism was suggested
by the observation that the number of G-tract deletions
increased in worms that contained mutations in both chl-1
and dog-1 (79), which encodes a FANCJ-related helicase
with a conserved Fe-S cluster [(80), see below]. Indeed, it
was recently shown that ChIR1 efficiently unwinds
anti-parallel G-quadruplex DNA (81).

Based on genetic evidence and the interaction of
human ChIR1 with the structure-specific nuclease Flap
Endonuclease 1 (FEN-1) (71), an enzyme that is
implicated in replication fork lagging strand processing,
a model was proposed that ChIR1 may function with
nuclear factors such as FEN-1 to insure that replication
through the pre-loaded cohesion ring proceeds smoothly.
Although recent work suggests that ChlR1 facilitates sister
chromatid cohesion by preserving heterochromatin organ-
ization and function in mammalian cells (82), the precise
molecular functions of ChIR1 still remain to be clearly
understood.

ChIR1 protein interactions with other factors
associated with the DNA replication machinery [FEN-1,
Proliferating cell nuclear antigen (PCNA), components of
the RFC complex] (71) are likely required for ChIRI
helicase to perform its cellular functions. Although no
evidence suggests that the Fe—S cluster integrity domain
mediates protein interactions, its structural integrity is
likely to directly or indirectly affect the ability of ChlR1
to collaborate with other proteins during DNA process-
ing. The structural and functional importance of the
conserved Fe-S cluster in ChlIR1 has not yet been

addressed experimentally. Given the location of
disease-causing mutations immediately adjacent to the
conserved cysteines in FANCIJ, it will be important to
examine sequence variants of ChlR1 and their effects on
its biochemical and cellular functions.

DinG

Sequence analysis of the E. coli DNA damage inducible
protein DinG predicted that the SF2 helicase would
contain the conserved Fe-S cluster found in XPD and
FANCIJ helicases. This was biochemically confirmed by
the Ding lab (83). The DinG helicase [4Fe—4S] cluster is
redox-active with a midpoint potential close to that
estimated for the E. coli cytoplasm. Reduction of the
Fe-S cluster in vitro reversibly switches off DinG
helicase activity. These observations led to speculation
that the Fe-S cluster in DinG may act as a sensor of intra-
cellular redox potential to modulate its helicase activity.
Although ATPase and single-stranded DNA translocation
were not examined, it would be of interest to know if re-
duction of the Fe-S cluster in DinG (or FANCIJ) un-
couples ATPase/translocase activity from DNA
unwinding, similar to the behavior displayed by the
FANCJ-A349P Fe-S domain mutant (68). The DinG
Fe-S cluster was shown to be modified by nitric oxide
(NO) (83), a free radical species that induces endogenous
damage to DNA, proteins and lipids. These observations
raise the possibility that DNA repair processes may be
affected by NO and other forms of oxidative stress by
their effects on Fe-S cluster proteins such as DNA
helicases. Since the redox properties of Fe-S cluster
domains in DNA-binding proteins, such as BER
glycosylases (14,84) or certain transcription factors (e.g.
SoxR) (85), can be altered when DNA is present, it will
be of interest to assess the effect of DNA binding by DinG
on its redox state. Future studies are likely to address as
well if the eukaryotic Fe-S helicases are regulated by a
redox mechanism.

A novel function for DinG to promote replication fork
movement along transcribed DNA was recently
described. DinG may serve as an accessory helicase to
unwind R-loops or possibly displace the transcribing
RNA polymerase, thereby enabling replication across
transcription units to proceed at a normal rate (86).
Although speculative at this time, it may be that Fe-S
domain helicases represent a class of enzymes that have
the ability to use their motor ATPase function to unwind
non-conventional nucleic acid structures or displace
proteins bound to DNA that interfere with normal
genomic transactions. In support of this notion, human
FANCJ was shown to unwind triplex (87) and
G-quadruplex (59,60) DNA structures, and remove
protein (e.g. Rad51) bound to single-stranded DNA
(87). An archaecal XPD helicase is able to either
displace or bypass a single-stranded DNA-binding
protein in its path (88). Further studies may eclucidate if
the Fe-S domain itself helps to facilitate a specialized
function of the helicase to unwind structured nucleic
acids and/or strip proteins off DNA in addition
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Model is adapted by analogy from one proposed for E. coli DNA
replication (90).

to targeting the helicase to single-stranded DNA-
double-stranded DNA junctions, as shown for FacRad3
(XPD) by the Spies lab (44).

Recent work from the McGlynn lab suggests a model
in which accessory helicases in E. coli sustain efficient
DNA replication fork progression by displacing proteins
bound to DNA (89,90). The 53 helicase activity charac-
teristic of known eukaryotic Fe-S cluster helicases
(FANCJ, XPD, ChlR1) would be of appropriate direc-
tionality for the Fe-S helicase to serve as an accessory
helicase translocating on the opposite strand to that of
the 3-5 MCM replicative helicase at the replication
fork to displace proteins that impede fork progression
(Figure 4).
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DOG-1 AND RTEL

Mutations in C. elegans dog-1, an ortholog of
mammalian FANCJ with the conserved Fe-S cluster,
result in the accumulation of germline as well as somatic
deletions in genes containing polyguanine tracts (80).
Later work (91,92) confirmed these observations, leading
researchers to speculate that DOG-1 helicase might effi-
ciently unwind G-quadruplex DNA structures that
impede cellular DNA replication and pose a source of
genomic instability.

The murine rtel gene encodes a protein sharing sequence
homology with DOG-1/FANC]J, including the conserved
Fe-S cluster. rte/ knockout mice were embryonic lethal
and cells derived from these mice exhibited a rapid re-
duction in proliferative capacity upon differentiation,
accompanied by an increased incidence of chromosomal
abnormalities and telomere loss (93). The telomere loss
characteristic of rfe/ mutant mice may be a direct conse-
quence of defective DNA metabolism due to lack of
specialized helicase action at the telomere end. In
support of this, rtel-deficient mouse cells display elevated
spontaneous fragile telomeres (94). Purified recombinant
human RTEL can actively disrupt three-stranded D-loop
recombination intermediates, which may be relevant to its
putative anti-recombinase role (95). Moreover, since telo-
meric D-loops (T-loops) are suggested to stabilize or
protect telomeres from de-stabilizing events (96,97), the
biochemical activity of human RTEL is consistent with
a predicted function of the Fe-S cluster helicase to
unravel the hidden 3'-DNA end during cellular replication
Or repair.

Determination if RTEL associates with components of
the shelterin complex and the functional consequences of
the interaction should be revealing for finding clues to the
potential involvement of the helicase in the prevention of a
human telomere disease. A number of telomere diseases
are known (98). Of particular interest is dyskeratosis
congenita (DC), which is defective in the DKCI gene
that encodes dyskerin (99), an RNA-binding protein that
is a component of the telomerase complex (100). If indeed
human RTEL interacts with the shelterin complex, it
seems probable that Fe-S helicase may join the RecQ
helicases WRN and BLM (101) as a specialized regulator
of telomere maintenance.

HELICASE-NUCLEASE ENZYMES WITH
CONSERVED Fe-S CLUSTERS

The Dillingham lab first reported a novel class of proteins
with a nuclease domain that contains a conserved Fe—S
cluster. This group includes the bacterial AddB nuclease
and eukaryotic SF1 Dna2 helicase—nuclease (Figure 5).
Four conserved cysteines flank the conserved RecB
family nuclease domain. Given the importance of nucle-
ases in DNA processing events associated with DNA
repair and replication, the discovery of helicase—nuclease
enzymes with conserved Fe-S clusters has sparked great
interest in their structure and function.
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nuclease domain residing in AddB. AddA contains a second nuclease domain as well as a helicase domain.

AddAB

One of the newly identified DNA repair proteins with an
Fe-S cluster is the AddB nuclease of the bacterial
helicase—nuclease complex AddAB (102). AddAB-type
complexes are found in Gram positive bacteria that lack
the RecBCD-type enzyme complex. Like E. coli RecBCD,
Bacillus subtilis AddAB is implicated in DSB repair
through its ability to convert a DNA break into a 3’
single-stranded DNA overhang necessary for homologous
recombinational repair. The dual nuclease reaction mech-
anism is regulated by a consensus DNA sequence element
known as cross-over hotspot instigator (Chi). Conserved
nuclease domains are found in the C-terminal regions of
AddA and AddB subunits. The Dillingham lab discovered
that the 53’ nuclease domain of AddB contains an Fe-S
cluster (102). The AddB Fe-S domain contains four
conserved cysteine residues with the first cysteine
residing N-terminal to the nuclease domain and the
other three cysteines residing on the C-terminal side.
Characterization of the Fe-S mutants revealed that the
AddAB protein complex contains a subane [4Fe—4S]
cluster which serves as a molecular staple to stabilize the
AddB nuclease domain (102). Moreover, the Fe-S cluster
is required for AddAB binding to double-stranded DNA
ends and for DNA break processing. AddB mutations in
the Fe-S cluster of any one of the four conserved cysteines
did not interfere with single-stranded DNA-dependent
ATPase or single-stranded DNA translocation catalyzed
by the AddAB complex, indicating a preserved architec-
ture of the conserved AddA helicase motifs in the AddAB
complex.

A critically important advance for understanding the
structural and functional significance of the iron staple
domain will be to solve the structure of the AddAB
protein—-DNA complex. Structural details should help to
reveal how AddAB interacts with DNA ends and how the
AddB nuclease domain is positioned in relation to the
AddA helicase/nuclease domains in the protein—-DNA
complex. This should yield new insight to the architecture
and function of AddAB and perhaps other specialized
DNA processing enzymes, such as eukaryotic Dna2 that

also possesses a conserved Fe-S staple domain (102), in
DSB strand resection step and other aspects of DNA
metabolism.

Dna2

Although mutations in the Fe-S cluster did not affect
AddAB ATPase or translocase activity, the presence of
an Fe-S domain affected the protein complex’s ability to
bind broken DNA, a result that is likely to be relevant to
the function of the conserved iron staple nuclease domain
in other DNA repair proteins, including the SF1 Dna2
helicase—nuclease (Figure 5), a eukaryotic protein
implicated in DSB end resection, Okazaki fragment pro-
cessing and telomere stabilization (103,104). Given that
Dna2 is essential for cellular DNA replication, it seems
likely that mutations in the Fe-S domain of Dna2 will
be poorly tolerated. Although biochemical studies with
purified proteins and genetic analysis in yeast suggest
that a Dna2-independent EXOl-dependent pathway of
DSB end resection exists (105,106), the endonucleoytic
function provided by the Dna2 pathway may be important
for strand resection of DNA sequences in a BLM
helicase-dependent manner (105). It will be incumbent to
extract information from biochemical and structural
studies of AddAB and apply this insight to the related
iron staple nuclease Dna2.

Recent studies have provided evidence that in addition
to 1its nuclear functions, Dna2 can be found in
mitochondria and is important for flap processing
during BER and the fidelity of DNA replication in
mitochondria (107,108). Understanding how Dna2
balances its duties between mitochondria and the
nucleus is a high priority. Presumably, the Fe-S domain
of Dna?2 is required for enzymatic function and its cellular
roles; however, no biochemical or genetic studies have
directly tested this. A defect in the synthesis of Fe-S
clusters is responsible for mitochondrial dysfunction,
leading to nuclear genomic instability (109). Defects in
Fe-S assembly due to a deficiency in the iron storage/
transport protein frataxin also lead to genomic instability
and defective BER (110), suggesting that the conserved
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Fe-S cluster in Dna2 and other DNA repair/replication
proteins may be crippled due to the frataxin deficiency;
however, this remains to be shown. Further studies are
required to ascertain the importance of the Fe-S staple
domain in Dna2 for its nuclear and mitochondrial func-
tions, and the influence of iron homeostasis in this respect.

REDOX ACTIVE Fe-S CLUSTERS: IMPLICATIONS
FOR HELICASE MECHANISM

It has been speculated that DNA repair proteins with Fe—
S clusters may use their redox properties to scan the
genome for DNA damage by sensing DNA charge trans-
port that is mediated by base pair stacking (14). For
example, it was proposed that the bacterial redox-sensitive
transcription regulator SoxR becomes activated by
DNA-mediated charge transport (111). Fe-S cluster
BER enzymes (e.g. MutY, Endonuclease III) may
exploit DNA charge transport to more efficiently scan
and recognize regions of DNA for oxidative base lesions
(84). An intriguing aspect of both SoxR and the DNA
repair glycosylases is that their redox activities are
altered upon DNA binding (84,85), suggesting a possible
mechanism for assaying DNA-mediated signaling. This
may be relevant to Fe-S cluster helicases and helicase—
nucleases, particularly those that play a role in DNA
damage recognition or verification.

Recently, it was shown that the ATPase/helicase activity
of human XPD was required for the immobilization of the
helicase at UV-induced DNA damage foci in living cells
(112). In vitro studies revealed that purified recombinant
archaeal XPD is sequestered at a single cyclobutane pyr-
imidine dimer when it is positioned in the strand that it
translocates with a 5-3" polarity; moreover, despite its
inability to translocate, XPD ATPase activity is
stimulated upon encountering the lesion (112).
Understanding if the redox potential of the Fe-S cluster
plays a role in XPD trapping at the site of DNA damage
would provide insight to the strand- and site-selective
DNA lesion demarcation by XPD. Given the importance
of lesion verification in the process of NER, a putative
role of damage sensing or ATPase-activated helicase se-
questration at the DNA lesion via the XPD Fe-S cluster is
worth further investigation.

The Barton lab showed that an archaeal XPD has
DNA-mediated redox potential similar to that of the
Fe-S cluster BER proteins (113). The signal intensity cor-
responded to the equivalent of a one-electron redox couple
of the 4Fe—4S cluster. An important advance was made by
the demonstration that SaXPD displayed ATP-dependent
electrochemistry, consistent with the idea that the electro-
chemical signal is coupled to mechanical movement of the
helicase as it translocates on DNA. This feature would
distinguish the ATP-dependent action of a helicase from
a BER Fe-S glycosylase, which functions in an
ATP-independent manner. The authors went on to show
that the ATP-dependent electrochemistry of SaXPD was
maximal when the helicase was placed on a surface that
had a 5 single-stranded DNA tailed duplex immobilized
to it. This result was consistent with the known 5-3'
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polarity of XPD, suggesting that its change in redox po-
tential is associated with DNA conformational alterations
associated with ATP-dependent duplex unwinding.
Overall, the work is highly significant because it raises
the strong possibility that Fe-S cluster helicases like
XPD represent a specialized class of DNA translocating
enzymes that utilize electronic mediated signaling via the
DNA molecule to perform its cellular functions in DNA
replication, repair and/or transcription. However, a limi-
tation is the lack of understanding of the role of Fe-S
cluster redox activity in the regulation of eukaryotic
XPD as a component of TFITH complex during cellular
DNA repair or transcription.

The significance of Fe—S clusters in DNA helicases has
been a topic of interest (114). In addition to its structural
role, the Fe-S cluster may be important for sensing
unusual DNA structures whether it is a covalent base
adduct or sequence element with an alternate conform-
ation. This theme may apply to Fe-S cluster DNA
repair helicases, such as FANCIJ that is implicated in
ICL repair and G-quadruplex DNA metabolism. In
terms of base damage, FANCJ is capable of sensing an
oxidative base damage (thymine glycol) in either the
translocating or non-translocating strands of duplex
DNA (115). This behavior of FANCJ was fairly unique,
since the DNA unwinding reactions catalyzed by other
DNA helicases tested were inhibited in a strand-specific
manner (WRN, BLM, RECQI1) or resistant to inhibition
by the thymine glycol positioned in either strand (UvrD,
DnaB and the Fe-S domain helicase DinG) (115).

Understanding how the redox activity of the Fe-S
cluster plays a role in DNA recognition is an important
question. While a specific mechanism has not yet been
elucidated, a theoretical study of DNA damage recogni-
tion through electron transfer mediated by the 4Fe—4S
complex of the DNA glycolsylase MutY that builds
upon the studies of the Barton lab suggested a setting in
which charge transfer stabilizes a specific conformation of
the protein that places it in the recognition mode prefer-
entially over the non-specific binding conformation,
providing a means for the DNA repair protein to
localize the damaged site in an efficient manner (116).
This model proposes that in order for electron transfer
mediated by the Fe-S redox activity to be relevant to
the process of scanning DNA for sites of damage, the
rate of electron transport from donor to acceptor should
be greater than the rate of protein diffusion along DNA.
Such electron tunneling between DNA repair proteins
may be mediated by efficient electron transport through
the DNA; however, this theory remains to be proven.

Redox signaling by Fe—S cluster helicases may also play
a role in the catalytic reaction mechanism. A hypothesis
which remains to be tested is that Fe-S cluster helicase
molecules bound to DNA may communicate with each
other by changes in redox activity that are mediated
through DNA charge transport (Figure 6). The ground-
work for this hypothesis was provided by the Raney lab
which provided evidence that the Dda helicase monomer,
which incidentally lacks an Fe-S cluster, functionally
cooperates with other DNA-bound monomers (117).
They were able to show that increasing the length of the
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helicase (118,120).

single-stranded DNA overhang enhanced unwinding of
the adjacent duplex by Dda. Their results suggested a
model in which multiple Dda molecules bound to the
same substrate displayed greater processivity for DNA
unwinding. Similarly, multiple NS3 helicase molecules
bound to the single-stranded DNA loading region of a
partial duplex substrate are required for optimal unwind-
ing (118). More recently, biochemical studies have
provided evidence for functional cooperativity between
E. coli RecQ helicase monomers (119). Although Dda,
NS3 and RecQ helicases lack the conserved Fe-S cluster,
these proteins may utilize other motifs to communicate
between helicase molecules by DNA-mediated redox sig-
naling or another mechanism. Nonetheless, it will be of
interest to determine if Fe-S cluster helicase molecules
functionally cooperate during DNA unwinding and if
the redox function plays a role.

In addition to DNA unwinding, multiple helicase mol-
ecules loaded on the same single-stranded DNA molecule
may cooperate to facilitate protein displacement (120), a
function that may be relevant to the role of certain
helicases to facilitate DNA replication or transcription,
as mentioned earlier. It has been proposed that the
presence of multiple motors may serve to prevent
backward displacement on the single-stranded DNA, re-
sulting in an elevated force production to displace protein
from the DNA molecule. It is conceivable that Fe-S
cluster helicases have emerged as a group of proteins
that utilize their ability to alter redox potential in order
to communicate between DNA-bound helicase molecules
during the task of protein blockade clearance (Figure 6).
For example, the ability of certain Fe—S helicases

(e.g. FANCIJ, XPD) to efficiently unwind DNA and/or
strip proteins off the DNA may be mechanistically
facilitated by the Fe-S cluster.

It will be of interest to determine if any of the Fe-S
cluster helicases behave in a cooperative manner, and if
the redox activity of the Fe—S cluster plays a role in this
capacity. In this regard, previously we showed that inhib-
ition of FANCI helicase activity by a polyglycol linkage
that disrupts the sugar phosphate backbone can be
overcome by an increased length in the 5 single-stranded
DNA loading tail (70). This suggested a model in which a
leading FANCIJ helicase molecule is pushed forward by
other FANCIJ helicase molecules loaded behind it to
complete unwinding. Whether or not the redox activity
of the FANCIJ Fe-S cluster plays a role in the unwinding
mechanism remains to be experimentally tested. Single
turnover kinetic analyses of DNA helicases such as
FANCJ and selected site-directed Fe-S cluster mutants
should provide insight to the possibility that the helicase
monomers display functional cooperativity in order to ef-
ficiently perform their unwinding or protein displacement
functions.

Finally, it is quite interesting that all Fe-S cluster
helicases characterized to date (FANCJ, XPD, ChIRI,
DinG) display a 53 polarity for DNA unwinding (28).
Human RTEL was shown to displace the invading strand
of a D-loop substrate provided that the third strand is a 3’
strand invasion with a free 5’ single-stranded DNA, con-
sistent with a predicted 5—3’ polarity (121). It should be
clarified that a Fe-S cluster is not required for 5-3’
polarity, since a number of 5-3' DNA helicases exist
which lack a Fe-S cluster. Nonetheless, it is provocative
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to consider that the Fe-S cluster may constitute a
specialized structural element that helps to dictate the dir-
ectionality of DNA translocation for the Fe-S domain
helicases. The crystal structure of TaXPD bound to
single-stranded DNA (Figure 3) (45) suggests that trans-
location directionality is dictated by conformational
changes within the motor domain that determine
ATP-driven enzyme translocation in a directional
manner. It is also possible that the redox activity
imposed by the Fe-S cluster may enable individual
FANCJ proteins molecules to communicate with each
other and sense DNA-mediated charge transport such
that they cooperate with each other to assemble and/or
translocate with a defined polarity.

There is very little information yet concerning the func-
tional importance of the Fe—S cluster in helicase—nuclease
enzymes. One hypothesis is that the conserved Fe-S staple
domain in AddAB may regulate the nuclease reaction
mechanism by sensing recombination hotspots via alter-
ations in its redox activity at consensus DNA sequence
elements. It is anticipated that the endonuclease activity
catalyzed by Dna2 necessary for Okazaki fragment pro-
cessing is tightly regulated and may also involve redox
signaling mediated by the Fe-S cluster domain. It will
be informative to dissect the structural versus regulatory
function of the Fe-S staple domain in the Dna2/AddAB
helicase—nucleases.

SUMMARY

Although the evidence is persuasive that the conserved
Fe-S cluster domain found in XPD, FANCJ and related
DNA helicases plays an important structural and func-
tional role, it is less clear how DNA-mediated redox sig-
naling is important from a mechanistic standpoint. Given
the likelihood that DNA charge transport plays an im-
portant role in the movement of Fe-S cluster proteins
during DNA damage surveillance, it seems probable that
Fe-S cluster helicases would exploit the redox active
domain for its catalytic functions in ATP-dependent
DNA duplex unwinding or protein displacement. This is
clearly an important area of investigation as it will lead to
new insights to the mechanism of action of Fe-S cluster
helicases, which are required for a normal level of DNA
repair and maintenance of genomic stability.
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