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Abstract

XPD-like helicases constitute a prominent DNA helicase family critical for many aspects of
genome maintenance. These enzymes share a unique structural feature, an auxiliary domain
stabilized by an iron-sulphur (FeS) cluster, and a 5’-3’ polarity of DNA translocation and duplex
unwinding. Biochemical analyses alongside two single-molecule approaches, total internal
reflection fluorescence microscopy and high-resolution optical tweezers, have shown how the
unique structural features of XPD helicase and its specific patterns of substrate interactions tune
the helicase for its specific cellular function and shape its molecular mechanism. The FeS domain
forms a duplex separation wedge and contributes to an extended DNA binding site. Interaction
within this site position the helicase in an orientation to unwind the duplex, control the helicase
rate, and verify the integrity of the translocating strand. Consistent with its cellular role,
processivity of XPD is limited and is defined by an idiosyncratic stepping kinetics. DNA duplex
separation occurs in single base pair steps punctuated by frequent backward steps and
conformational rearrangements of the protein-DNA complex. As such, the helicase in isolation
mainly stabilizes spontaneous base pair opening and exhibits a limited ability to unwind stable
DNA duplexes. The presence of a cognate ssSDNA binding protein converts XPD into a vigorous
helicase by destabilizing the upstream dsDNA as well as by trapping the unwound strands.
Remarkably, the two proteins can co-exist on the same DNA strand without competing for
binding. The current model of the XPD unwinding mechanism will be discussed along with
possible modifications to this mechanism by the helicase interacting partners and unique features
of such bio-medically important XPD-like helicases as FANCJ (BACH1), RTEL1 and CHLR1
(DDX11).

1. Introduction

1.1. DNA helicases in maintenance of the genetic integrity

Helicases are essential components of many DNA repair machines. These vectorial enzymes
produce ssDNA (single-stranded DNA) intermediates necessary for function of these
machines, remodel hon-canonical DNA structures or nucleoprotein complexes, and
rearrange DNA repair intermediates. The cell uses helicases along with helicase-like DNA
translocating motors and switches to maintain integrity of its genome, support DNA
replication, and to rectify DNA damage caused by exogenous agents and byproducts of
cellular metabolism [1-3]. Every day our genomes experience up to an astounding 200,000



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Spies

Page 2

DNA modifications [4, 5]. While the repertoire of repairable DNA lesions is extensive, their
processing depends on a limited number of different helicases present in the cell. If not
completely and accurately repaired, DNA lesions or their repair intermediates can cause
genetic instability and chromosomal rearrangements [6], expedite the acquisition of
mutations, and contribute to uncontrolled cell proliferation, tumorigenesis [7, 8], or cell
senescence [9-11]. To properly respond to many possible lesions and intermediates, DNA
helicases are often adapted to perform very different tasks when integrated into different
macromolecular assemblies.

Helicases use ATP binding and hydrolysis to fuel two important biochemical activities (i)
strand separation (also referred to as bona fide helicase activity), where dsSDNA is unwound
to produce transient single-stranded intermediates of DNA replication, recombination and
repair; and (ii) translocation, a directional motion along the DNA molecule which can be
coupled to remodeling of nucleoprotein complexes [2]. These two activities are related, but
not identical: a helicase may unwind dsDNA, but may be stalled by bound proteins or by
particular sSDNA secondary structures; on the other hand, it may displace proteins, but
display no duplex separation activity whatsoever. The vast array of genome maintenance
transactions requires the limited battery of helicases to switch between these activities, and
to possess a range of tunable processivities and substrate specificities commensurate with
the extensive number and variety of jobs to be done. Often, only one of these activities may
be important for the cellular function of a particular helicase.

The majority of helicases involved in DNA repair belong to two major superfamilies,
superfamily 1 (SF1) and superfamily 2 (SF2) [12-14]. Directional movement, a defining
mechanistic feature of SF1 and SF2 helicases, is achieved through conformational
transitions within the conserved motor core. Structural and biochemical evidence assembled
to date suggests that the motor core of all these enzymes is comprised of the two RecA-like
folds, 1A and 2A (in SF1), and HD1 and HD2 (in SF2), where domain 1A (HD1) contacts
the 3’-end of the bound ssDNA, and domain 2A (HD2) faces the 5’-end (Figure 1) [12, 13].
The cleft which spans both domains 1A (HD1) and 2A (HD2) forms the bipartite primary
DNA binding site. Residues within this DNA-binding cleft make extensive contacts with the
strand on which the enzyme translocates. Notably, while the interactions within the helicase
core domains are sufficient for enabling the directional translocation of the 3’-5’ moving
helicases, additional contacts outside the canonical DNA binding site are indispensable in
the helicases that move along DNA strand in the 5’ - 3 direction. In the repeating mechano-
chemical cycle ATP binding in the cleft between 1A (HD1) and 2A (HD2) domains brings
the two domains together. ATP hydrolysis and release of ADP and inorganic phosphate
allows the two domains to come apart. ATP binding and hydrolysis elicits conformational
transitions, which are transferred through the helicase core to the DNA binding site and alter
the contacts between the two RecA-domains of the helicase and the translocating strand.
Cycling between the two metastable states enables directional translocation. Additional
structural features unique to different helicase groups provide means for achieving duplex
separation. Residues forming NTP (nucleotide triphosphate) and DNA binding sites as well
as residues involved in communication between these two sites are highly conserved within
each helicase superfamily and are referred to as the helicase signature motifs [14, 15]. The
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residues forming duplex separating structures display much less conservation or are unique
to each helicase or to a helicase family.

The versatility of helicases and related translocases raises an important question: how do
these enzymes generate such a fantastic functional diversity using a limited set of structural
features? What is especially intriguing is the complex relationship between NTP hydrolysis
and regulated substrate remodeling. The free energy released due to the hydrolysis of one
ATP molecule should be sufficient to separate several base pairs of the DNA duplex. On the
other hand, disruption of the streptavidin-biotin interaction — a common reporter for
translocase activity [16] — is energetically equivalent to multiple ATP molecules. Despite
these facts, many helicases readily displace streptavidin from biotinylated DNA but cannot
unwind duplex DNA. Helicase oligomerization, allosteric regulation by interacting partners,
and specificity for particular substrates have been proposed as contextual determinants of
unwinding and/or protein displacement activities [17]. The mechanism(s) underlying the
specific regulation and dynamic behavior of these two activities, however, remains
enigmatic.

1.2. XPD — a model system for FeS-containing SF2 DNA helicases

XPD (Xeroderma pigmentosum complementation group D) is a prototypical member of a
prominent DNA helicase family whose deficiency or dysregulation is linked to human
diseases ranging from cancer predisposition to hypertension (Figure 1A, Table 1 and
references [18—40] within). Four human XPD orthologs (XPD, FANCJ, RTEL1 and
CHLR1) are DNA helicases with roles in DNA repair and genome maintenance [41, 42].
Homologues of XPD helicase can also be found in archaea, bacteria and, all eukaryotes.
Members of the XPD-like helicase family play distinct and only partially overlapping roles
in the cell. All, however, are likely to share the overall structure and basic mechanism of
DNA translocation and unwinding.

Inserted in their HD1 domains, XPD-like helicases possess an auxiliary domain stabilized by
a 4Fe-4S cluster [43]. Consequently, they are commonly referred to as FeS helicases. All
characterized XPD-like enzymes are bona fide helicases; all move along ssDNA with 5-3’
polarity [18, 43-47]; all are believed to share a similar structural organization [12, 48-50]
(Figure 1), as well as a preference for branched DNA substrates. Current structural
information on FeS helicases is limited to three apo structures of archaeal XPD homologs
[48-50] (PDB: 2vsf; PDB: 3crv; PDB: 3crw; and PDB: 2vl7. Note that the FeS domain was
not resolved in the two latter structures) and a more recent structure of XPD in a complex
with a 5 nucleotide sSDNA fragment bound to the HD2 outside of the canonical DNA
binding site [51] (Figure 1B; PDB: 4al15). To compensate for the paucity of structural
information on the binary XPD-DNA and ternary XPD-ATP-DNA complex, we recently
used a combination of fluorescence foot-printing, chemical protease incorporated into the
DNA substrates, and site-directed mutagenesis to identify the orientation and placement of
the DNA in the XPD helicase [52]. We determined that the HD2 domain contacts the 5" end
of the translocating strand [52]. This can be inferred also from the XPD-DNA structure [51].
In this conformation, the translocating strand is oriented in the primary DNA binding site so
that HD1 is positioned proximal to the 3’ end while HD2 is near the 5’ end. Within this site,
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XPD-like FeS helicases are expected to interact with the phosphodiester backbone of
ssDNA. This expectation is due to their ability to bypass damaged bases [53] and ssSDNA
binding proteins that specifically interact with the nucleobases [54] (see discussion below).
The region of XPD helicase that interacts with the translocation strand is extended beyond
the canonical DNA binding site spanning the surface of HD1 and HD2 [51, 52]. In fact,
bound XPD occludes approximately 20 nucleotides of ssDNA [54] suggesting that the
canonical DNA binding site constitutes only a part of the XPD surface that engages the
DNA. As mentioned above, a patch of residues in the HD2 important for XPD helicase
activity binds a 5-nucleotide stretch of the translocating strand [51]. The stability of this
interaction suggests that the initial encounter with the DNA substrate likely occurs within
this site. We imagine that the translocation strand is then placed into the canonical DNA
binding site spanning across HD1 and HD2, and under the arch of the ARCH domain. It
then continues through the hole formed by HD1, ARCH and FeS domains into the secondary
DNA binding site between HD1 and FeS domains, which accommodates additional 5
nucleotides of the translocation strand. It has been shown that the integrity of the
translocating strand is “verified” within the secondary site: the presence of a cyclobutane
pyrimidine dimer (CPD), a prototypical UV-induced DNA lesion, stalls the helicase and
triggers nucleotide excision repair [20]. Two point mutations in this site are the separation of
function mutations that specifically affect damage verification and downstream signaling,
but not the duplex unwinding per se, confirming that the two activities are distinct [20].
Damage verification was also corroborated by a recent atomic force microscopy (AFM)
study which revealed a remarkable preference of the ATP-bound XPD for the damage
containing DNA [55]. At the end of the secondary DNA binding site, the FeS domain
contains a wedge structure that we believe separates the DNA duplex (Figure 1C) [52].

Human XPD-like helicases FANCJ, RTEL, and CHLR1 are likely to share the basic
molecular mechanism of DNA translocation and unwinding, as well as a common
arrangement of the DNA binding site. An additional insertion in the HD1 found in these
helicases, however, may provide them with the means of recognizing their preferred DNA
substrates. It may also function in a similar way to RPA2, a small archaeal ssDNA-binding
protein that assists XPD in dsSDNA unwinding by melting the duplex ahead of the helicase
[56]. I will focus this review on XPD, the most “simple” helicase within the family, because
our structural and mechanistic understanding of this enzyme made it an ideal model system.
Most of the mechanistic insights that | will describe are fruits of the single-molecule
analyses placed in the context of biochemical and structural studies.

Two complementary single-molecule approaches have been applied to characterize XPD
helicase: total internal reflection fluorescence microscopy (TIRFM) and high resolution
optical tweezers. The latter gave us unprecedented insight into the mechanism of XPD-
mediated duplex unwinding, while the former allowed us to monitor XPD nucleoprotein
transactions in the presence of other proteins. In addition, a very recently published AFM
study provided important insights into how XPD helicase verifies the presence of the DNA
damage.
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2. Taking advantage of the FeS cluster

2.1. FeS clusters in DNA helicases

FeS clusters are ubiquitous prosthetic groups whose biochemical utility usually rests upon
their ability to accept and donate electrons, or upon a cationic feature that allows tight
binding of the electron-rich oxygen and nitrogen atoms of organic substrates [57]. These
features are influenced by solvent exposure and the local electrostatic environment, both of
which may provide a means of regulation. The redox sensing function was proposed for the
FeS cluster of XPD [58]. The FeS clusters also play structural roles by facilitating protein
folding and by stabilizing the important structural elements. For example, FeS clusters
organize the elements forming the DNA-interacting surface and position the key catalytic
residues in several DNA glycosylases, stabilize the nuclease domain of AddAB helicase/
nuclease and related RecB-family nucleases, and are also found in DNA primase and RNA
polymerase (reviewed in [59]), as well as in B-family DNA polymerases [60]. The FeS
domain in XPD forms a duplex separation wedge and contributes to a secondary DNA
binding site, which positions the helicase in an orientation to unwind duplex, controls the
helicase rate, and verifies the integrity of the translocating strand [20, 45, 51, 52].
Eukaryotic FeS containing helicases XPD, FANCJ, RTEL1 and DNA2 were shown to
acquire their FeS clusters through interaction with MMS19, MIP18 and ANT2 proteins that
are involved in cytoplasmic FeS cluster protein assembly [61].

Practical utility of the FeS clusters in these enzymes lays in their ability to serve as
endogenous quenchers of a wide spectral range of fluorophores which can be used as
reporters of the helicase-DNA transactions (Figure 2 A—C). We used this effect to develop
new assays for ensemble and single-molecule analyses of XPD family helicases [45, 54, 56].
By altering the distance between bound helicase and DNA-tethered fluorescent dye (for
example Cy3 or Cy5), the quenching signal can be calibrated: in the case of XPD, a change
in the helicase position by 1 nucleotide (or 1-bp) corresponds to a 3% change in the Cy3
fluorescence intensity ([54] and our unpublished data) (Figure 2C). Cy3 quenching,
therefore, can be used as a proximity indicator in analysis of XPD binding to and
translocation along ssDNA, as well as in monitoring duplex separation or nucleoprotein
remodeling by XPD helicase and related enzymes [62]. Furthermore, FeS cluster-mediated
fluorescence quenching can be combined with Forster resonance energy transfer (FRET)
[63, 64] between a pair of fluorophores thereby expanding the translocation and unwinding
measurements to pseudo three color analyses of complex nucleoprotein interactions [54, 62].

2.2. Visualizing directional translocation

Single-molecule fluorescence imaging by TIRFM is ideally suited for visualizing movement
of slow and marginally processive XPD helicase [54, 62]. The minimal single-color TIRFM
experiment is sufficient to follow, via the FeS-mediated fluorescence quenching, XPD
binding to and movement on the surface-tethered fluorescently-labeled DNA molecules [54,
62] (Figure 2D). Similarly, DNA translocation and unwinding by other FeS helicases are
readily observed using single-color TIRFM-based approach (our unpublished data).
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To visualize XPD translocation, Cy3-labeled ssDNA is immobilized on the surface of the
microscope flow cell through interaction between biotin moiety incorporated into the DNA
molecule and neutravidin or neutravidin coating the flow cell surface. Hundreds of surface-
tethered molecules are monitored simultaneously, each yielding a fluorescence trajectory,
i.e. fluorescence intensity recorded from a particular location of the flow cell over time.
Individual binding and translocation events are observed as changes in the Cy3 fluorescence
intensity followed by the fluorescence recovery to the baseline when XPD dissociates [54]
(Figure 2E&F). XPD is a 5’-3 helicase: it requires a 5 ssDNA overhang to unwind DNA
duplex [18, 19] and displaces streptavidin from ssDNA biotinylated near the 3’ end [45].
The 5’-3’ directionality of the XPD movement is confirmed in single-molecule experiments
by placing the dye at either 3’ or 5’ end of the tethered DNA molecule: trajectories
originating from 3’-labeled DNA depict gradual Cy3 quenching indicative of the helicase
movement towards the dye followed by abrupt recovery of the fluorescence signal, which
corresponds to the helicase dissociation. In contrast, trajectories recorded using 5’-labeled
ssDNA show abrupt quenching followed by a gradual fluorescence recovery validating the
5/-3’ directional translocation of XPD (Figures 2&3) [54]. In contrast to other DNA
helicases that shuttle on sSDNA [65, 66], the translocation behavior of XPD is simple: it
binds ssDNA, translocates in 5’-3’ direction, and either translocates off the free ssDNA end
or dissociates after encountering the neutravidin-bound end [54] (Figure 2E&F). Notably, a
fraction of the latter encounters results in disruption of the neutravidin-biotin interaction and
the subsequent detachment of the DNA molecule from the TIRFM slide.

As expected for a motor protein, the average translocation rate displayed a Michaelis-
Menten dependence on ATP concentration (Figure 3D) [54]. This is because the overall
cycle of such a motor contains two steps that can be partially kinetically limiting. At low
ATP concentrations, ATP binding limits the translocation rate. In contrast, at saturating ATP
concentrations, the forward stepping becomes rate limiting. Under latter conditions, archaeal
XPD translocates along sSDNA with an average rate of approximately 12 nucleotides per
second (Figure 3 B-D). Translocation rates of individual XPD molecules, however, vary
significantly around mean displaying a broad bell-shaped distribution (Figure 3B) —a
feature commonly observed in single-molecule studies of motor proteins. The frequency of
observed binding events also depends on ATP concentration suggesting that ATP bound
XPD has higher affinity for ssDNA than the ATP-free enzyme (Figure 3 D) [54].

3. DNA unwinding mechanism

3.1. XPD stepping behavior via high resolution optical tweezers

While it is generally accepted that all SF1 and SF2 helicases translocate on ssSDNA by a so-
called inch-worm mechanism whereby the conformational transitions in the helicase motor
core are biased to achieve a ratchet-like directional progression of the helicase in single
nucleotide steps [67], it remains unclear whether there exists a unified duplex unwinding
mechanism that can be universally applied to SF1 and SF2 helicases [17]. Groups of related
helicases within each superfamily are, however, likely to share fundamental unwinding
mechanisms. This makes XPD an excellent model for all helicases in the FeS group of SF2B
helicases.
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Spies

Page 7

Application of a powerful single-molecule technique, high resolution optical tweezers [68,
69], has revealed the detailed mechanism of XPD-mediated dsDNA unwinding [70]. The
construct unwound by XPD consisted of a dumbbell structure with DNA between two
polystyrene beads and a dsDNA hairpin containing a single-stranded region at its 5’ end in
the middle (Figure 4A). The ssDNA region served as a loading site from which XPD
initiated hairpin unwinding (Figure 4B). Each unwound base pair increased the dumbbell
length by the length of two released nucleotides of ssDNA. Capable of angstrom-level
resolution, the high resolution optical tweezers system was adequate for monitoring discrete
steps of the helicase as small as a single base pair [70] (Figure 4C). The steps revealed by
this method correspond to the Kinetic steps size, or the presence of a repeating rate limiting
step in duplex unwinding mechanism [71], either of which may or may not relate to either
the physical step size of the motor, or the duplex length traversed in a single ATPase cycle.
The Kinetic step size of 4-6 base pairs (a half-turn of B-form dsDNA) is commonly
observed for the 3’-5’ SF1 and SF2 helicases [71-74], that were also shown to move on
ssDNA in single nucleotide steps and hydrolyze one ATP for each step [75-77]. More
complex stepping behavior has been observed for some helicases. The unwinding
mechanism of NS3 helicase from Hepatitis C Virus, for example, combines nested steps of
1-, 3- and 11-bps [78-80] with the asynchronous release of separated sSDNA [79].

Not all helicases display complex kinetic mechanisms. Using high resolution optical
tweezers, we showed that XPD unwinds DNA in single base pair steps [70]. In addition to
the 1 bp forward steps, frequent 1 bp backward steps and occasional large (~5-bp) backward
and forward steps were observed (Figure 4D). The size of the forward and backward steps
was uniform across all tested ATP concentrations. Albeit very rare, back-steps were
previously observed in high-resolution optical tweezers analysis of NS3 helicase [79]. Yeast
Pif1, which like XPD is a 5’-3’ helicase, unwinds dsDNA in single base pair steps [81]. The
kinetics of XPD 1 bp steps displayed Michaelis-Menten-like dependence on ATP with the
dwell times between individual steps as well as the frequency of backward steps decreasing
with increasing ATP concentration. The 5 bp steps were unique to XPD and were ATP-
independent [70]. Moreover, a backward 5 bp step was always observed first and was
always followed by a 5-bp forward step before XPD could resume single base pair stepping.
In contrast, single base pair forward and backward steps displayed no correlation with past
behavior [70]. The frequency of backward and forward stepping by XPD displayed a
significant sequence dependence: back-stepping was more frequent when the upstream
sequence was stable. When the probability to find the terminal base pair open was small, the
rate of forward stepping was suppressed and the frequency of back-stepping increased [70].
Frequent back-stepping might not be unique to XPD helicase. Other SF2 helicases and
helicase-like translocases may display similar stepping kinetics, especially when analyzed in
isolation from their respective supramolecular machines. If analyzed using bulk pre-steady
state kinetics, distributions of unwinding times obtained in single-molecule TIRFM
measurements, or low-resolution force-extension approaches, the presence of frequent
backward steps is likely to result in an erroneous assignment of the step size.

Why are these details important? Accurate characterization of a helicase’s stepping behavior
is critical for understanding which attributes of its mechanism are affected by interacting
partners, posttranslational modifications and mutations associated with human diseases.
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Furthermore, this level of analysis is required in order to determine whether all related
helicases (for example the four human XPD-like FeS helicases) unwind their respective
substrates using the same mechanism. This information may prove invaluable when placing
a key helicase in the context of its cellular function or disease-associated malfunction. It
may also be useful if/when specific inhibitors are desired to target a single helicase family
member without affecting structurally and functionally related enzymes.

3.2. The source of the 5 bp steps

While 1-bp steps can be attributed to the movement of motor domains during the
mechanochemical cycle, 5-bp steps can only be explained in the context of translocation
strand placement in the secondary DNA binding site: approximately 5 base pairs can be
accommodated between the aperture of the hole between HD1, ARCH and FeS domains,
which defines the entrance into the secondary DNA binding site, and the wedge feature on
the back of the FeS domain, which splits the duplex (Figures 1C & 4E). When the
translocating strand dissociates from this secondary DNA binding site, the released 5
nucleotides of the translocating strand re-anneal with the complementary strand, manifesting
in a 5-bp back step. This, however, results in the XPD-DNA complex incapable of duplex
unwinding. To re-initiate unwinding, the 5 re-annealed base pairs need to reopen, so that the
ss-dsDNA junction can reengage correctly (Figure 4E). Not surprisingly, a 5-bp forward
step is always observed following a 5-bp backward step and is never detected on its own.
The dwell times of the 5-bp steps are exponentially distributed suggesting a single rate-
limiting step and are independent of ATP concentration which corroborates the model where
the secondary DNA binding site is distant from the canonical bipartite SSDNA binding grove
of SF2 helicase [70]. XPD-like helicases FANCJ, RTEL1 and CHLR1 differ from XPD by
an insertion in the HD1, which may alter either the architecture of the secondary DNA
binding site, or the duplex separation feature. This may affect the presence or the size of
large backward steps in their kinetic mechanisms. This said, the 1-bp forward and backward
steps are likely represent a mechanistic feature common for all helicases in this family.

3.3 XPD is a partially “active” helicase

Although all helicases use ATP to fuel duplex unwinding and are therefore active motors,
these enzymes are designated as “active” or “passive” based on the interaction potential
between the helicase and the ss-dsDNA junction [82—84]. “Passive” helicases hydrolyze
ATP only to rectify the directionality of translocation. These enzymes take advantage of the
transient base pair opening by trapping thermally frayed base pairs. Consequently, the
forward rate of a fully passive helicase should be directly proportional to the probability of
the upstream duplex to be open. The number of the upstream base pairs that has to be
thermally frayed for a passive helicase to advance depends on the physical step size of this
helicase. For example, if the helicase unwinds duplex in 1-bp steps, fraying of a single base
pair should be sufficient to enable its forward motion. If the helicase makes 2-bp steps, its
progression will depend on the probability to find 2 upstream base pairs frayed. In contrast,
“active” helicases drive duplex melting and accelerate base pair opening at the ss-dsDNA
junction. One distinguishing feature of a fully “active” helicase is that the rates of its
translocation on ssDNA and duplex unwinding are equal or nearly equal. Only a few cases
are known where the translocation and unwinding rates of a helicase were measured under
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the same conditions and were found identical. RecBC, Pif1 and UvrD helicases, for
example, have also been classified as active helicases whose unwinding and translocation
rates are very similar [73, 81, 85]. This said, there exists a broad range of interaction
potentials between the helicase and the ss-dsDNA junctions resulting in different degrees to
which an individual helicase may destabilize upstream duplex. The sensitivity and resolution
of instrumentation, as well as a prior mechanistic knowledge of the assayed enzyme often
limit how accurately the interaction potential can be defined. Of a particular importance here
are the physical step size and the presence or absence of the back-stepping in the mechanism
of a particular enzyme. In the case of yeast Pif1 helicase, which unwinds dsDNA with 1 bp
steps and seems to exhibit a tight mechano-chemical coupling by hydrolyzing approximately
1 ATP molecule per 1 bp unwound, a bulk pre-steady state measurement was sufficient to
identify it as an active helicase [81]. UvrD translocation and unwinding rates were inferred
from the DNA hairpin unzipping and re-zipping rates recorded in the single-molecule force-
extension experiment [73]. Arbitrarily, it was proposed to consider a helicase active if it
displays >0.25 ratio between unwinding and translocation rates [86]. This classification will
place in the same category the helicases whose interaction with the upstream duplex is
relatively weak, and those exhibiting idiosyncratic stepping behavior. Only when the
stepping kinetics of a particular helicase is disambiguated, can its degree of activity be
properly and unambiguously assessed. We showed recently that XPD utilizes a “partially”
active unwinding mechanism. Its forward stepping rate during duplex unwinding never
matches the 12 nt/s ssSDNA translocation rate, but should achieve 12 bp/s at the limit of base
pair opening probability of 1. In fact, the rate of its forward stepping is sequence dependent
and can be correlated to the base pair opening probability. XPD, however, is not a fully
passive helicase: interaction between XPD and ss-dsDNA junction contributes
approximately 1.9 kgT to the duplex destabilization [70].

3.4 XPD is a marginally processive helicase

Sequence dependence of the XPD stepping kinetics also affects its processivity: the rate
constants of forward and backward stepping are equal when the probability of base pair
opening is 0.1, resulting in helicase stalling, slipping or dissociation. Even under applied
tension that assists unwinding, XPD processivity on random sequences is limited to tens of
base pairs; this modest processivity, however, is consistent with is proposed cellular
function(s). While the exact role of archaeal XPD helicase remains unclear, structurally and
mechanistically it serves as a good approximation of eukaryotic XPD and Rad3 helicases
that participate in nucleotide excision repair and transcription as integral components of the
TFIIH complex. Within eukaryotic TFIIH, the bona fide helicase activity of XPD is essential
for the nucleotide excision repair, but is dispensable for transcription initiation [87], where it
may play a scaffolding role [88] and is positioned away from the DNA [89]. The helicase
activity of XPD, or at least the integrity of its FeS domain, is required for transcription
associated recombination in mammalian cells [90]. Together with XPB helicase, XPD is
also involved the cellular response to retroviral infections [91]. It is unclear, however,
whether XPD participates in these processes by itself or as a component of TFIIH. XPD also
has additional TFIIH-independent roles that may not require duplex separation. As a part of
MMXD (MMS19-MIP19-XPD) complex, XPD localizes to the mitotic spindle where it
participates in proper chromosome segregation [92, 93].
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Our analysis of XPD stepping Kinetics and unwinding mechanism specifically focused on
isolated XPD monomers. When two or more XPD monomers were allowed to load onto the
same DNA molecule, duplex unwinding processivity was dramatically increased [70]. This
enhanced processivity is likely due to reducing the back-stepping probability of the leading
XPD monomer by the trailing monomer. In the cell, low processivity derived from intrinsic
back-stepping kinetics may provide a means to regulate helicase activity. Although this
remains to be confirmed, it is likely that ssDNA binding proteins control back-stepping by
archaeal XPD and possibly by other XPD-like helicases. Similarly, the processivity of viral
NS3 helicase, a 3’-5" SF2 enzyme, is enhanced by even a non-cognate ssDNA binding
protein (SSB) [94]. Notably, stimulation of both XPD and NS3 helicases does not require
physical interaction between the helicase and the SSB [56, 94]. Interacting partners or
integration into larger macromolecular machines (such as eukaryotic TFIIH complex) may
also modulate the intrinsic back-stepping and ensure that the helicase is processive only
when its activity is required. In FANCJ, REL1, and CHLR1, an additional modular domain
incorporated into HD1 may be involved in duplex destabilization resulting in the helicases
that are both faster and more processive.

4. Interplay between XPD and ssDNA binding proteins

4.1. XPD translocation on protein-coated DNA

In addition to increasing processivity of a helicase by preventing back-stepping, protein
partners may directly participate in duplex separation. Ferroplasma acidarmanus XPD
helicase, for example, acts in conjunction with RPA2, one of the two cognate archaeal SSBs
[56]. RPA2 targets XPD to the fork DNA structures and enhances its helicase activity
enabling efficient duplex unwinding by XPD monomers. Based on footprinting analysis, we
proposed that not only does RPA2 trap the DNA strands released downstream of the
advancing XPD monomers, but that it also actively destabilizes the ss-dsSDNA junction
ahead of XPD [56]. The two activities may be performed by the same or by different
molecules of RPA2. In either case, XPD should be able to navigate RPA2-coated DNA
lattice.

Using TIRFM we monitored XPD translocation on individual molecules of protein-free
DNA and on DNA coated with sSDNA binding proteins RPA1 or RPA2. A marked decrease
in XPD translocation velocity in the presence of RPA2 was observed. We envisioned two
possible explanations for the slower translocation: XPD and RPA2 may compete for or co-
exist on the same DNA molecule. To distinguish between these possibilities, we visualized
the two proteins simultaneously. The presence of Cy5-labeled RPA2 on the DNA was
monitored either through fluorescence resonance energy transfer (FRET) from Cy3 on DNA
or via direct excitation by red laser light (Figures 5A&B). At the same time, XPD helicase
was tracked by following FeS-dependent quenching of Cy3 on DNA or quenching of Cy5
on RPA2 bound to ssDNA. Simultaneous visualization of both the helicase and its obstacle
revealed that XPD can translocate over bound RPA2 without dissociating from the lattice
and without displacing RPA2. In contrast, the second F. acidarmanus SSB, FacRPA1
competed with XPD for ssDNA access [54]. Considering the ubiquity of SSB and their
known functional and physical interactions with DNA helicases, the observed protein bypass
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by XPD may represent a feature as common as protein displacement by helicases (reviewed
in [95]).

4.2. A large conformational transition in XPD is expected to coincide with RPA2 bypass

XPD translocation on RPA2-coated ssDNA further broadened the range of known lattices
on which helicases and helicase-related motors can translocate. It also raised the question of
how do these two proteins manage to share the lattice. RPA2 is a monomer consisting of a
single OB fold, similar to that of eukaryotic sSSDNA binding proteins [96]. It therefore is
expected to interact with the DNA bases [97]. XPD, on the other hand, likely tracks along
the phosphodiester backbone of DNA making minimal contacts, if any, with the bases. This
would allow an arrangement where XPD contacts the DNA backbone while RPA2 interacts
with the bases of the same region of ssDNA simultaneously. Moving over bound RPA2
presents another challenge: the predicted path of the translocating strand within XPD [51,
52] traverses through the narrow hole between the FeS and ARCH domains. In all XPD
structures solved to date, this hole is topologically closed and provides an opening only 15—
20A wide, which is too narrow to thread through the ssDNA plus OB fold (about 30A wide).
Due to its domain arrangement, XPD will have to undergo a conformational change to
bypass RPA2. ARCH and FeS domain have to be sufficiently separated to accommodate the
ssDNA-RPA2 complex (Figure 6A). The same conformational transition is a prerequisite for
the ssDNA binding by XPD as a part of TFIIH, which binds to the internal sites on sSDNA,
and does not thread the DNA end through the hole, unwinding bubble structures in vitro [98]
and in vivo [99]. Another argument for the presence of the conformational transition and its
importance in the XPD mechanism has been provided by the recent AFM study which
compared the geometries of the XPD-DNA complexes in the presence and in the absence of
two distinct types of DNA damage [55]. Both CPD and fluorescein (a mimic of a bulky
adduct) were recognized albeit in a different manner by XPD, and both resulted in the
complexes containing bent DNA substrate.

The requirement for the conformational change affecting the ARCH domain of XPD is a
plausible explanation for the slower translocation rate on RPA2-coated ssSDNA relative to
XPD movement on a protein free lattice [54]. Human FeS helicases may have similar
“partnerships” with one or several of the small SSBs containing just one or two OB folds,
whose numbers continue to grow [100]. Visualization of the XPD conformational dynamics
awaits new breakthroughs in structural analyses by X-ray crystallography or SAXS that
would trap the protein in a different conformation, or direct visualization of the
conformational transitions in the fluorescently-labeled XPD.

4.3. Building a processive helicase

Knowing the precise stepping mechanics of XPD helicase [70], the arrangement of the DNA
fork bound to XPD [51, 52], and the functional interaction between XPD and RPA2 [54,
56], can we propose a realistic model of how the two proteins cooperate? Considering that
XPD can translocate over RPA2 bound to ssDNA, and that the combination of RPA2 and
XPD produces an efficient helicase where RPA2 acts to destabilize duplex, two mechanisms
are possible (Figure 6): (i) after RPA2 melts DNA at the junction, XPD translocates over
RPA2, which remains associated with ssDNA and now functions to prevent XPD back-
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stepping; the second RPA2 molecule then binds at the junction and melts the next 4 base
pairs; (ii) alternatively, interaction with the ss-dsDNA junction may modulate the ability of
XPD to bypass RPA2; RPA in this situation would remain lodged between the pore in the
helicase and the junction continuously melting the duplex ahead of the helicase while
additional RPA2 molecules trap the separated DNA strands. The former mechanism would
necessitate high mobility of the ARCH domain, while the latter is more consistent with the
proposed “gripping” function of the pore [101]. To resolve which of the two models is
correct will require development of new experimental approaches.

5. Concluding remarks

To date XPD helicase has proven an invaluable model for understanding the structure and
mechanism of bio-medically important FeS helicases. It has also spurred the development of
cutting edge single-molecule methodologies for analyzing these enzymes. Application of the
technologies developed using XPD as a model helicase, such as fluorescence quenching
[62], high resolution optical tweezers [70], or simultaneous application of both force and
fluorescence detection [102], to human XPD, FANCJ, RTEL1 and CHLR1 is the next
challenge to the field. Comprehensive analyses of these helicases acting alone and in the
presence of their numerous interacting partners using these methods will provide powerful
mechanistic insight into the activities of this prominent helicase family. It will permit us to
see how these structurally similar helicases are tuned to perform drastically distinct cellular
functions, and how the disease associated mutations in these proteins alter their mechanisms.

High resolution structures of ternary XPD-DNA-ATP complexes may further advance our
understanding of this helicase family. The value added benefit of combining the knowledge
of helicase mechanism derived from single-molecule analyses with high resolution
structures of the helicase “caught” at different steps of its mechanochemical cycle is
immense. Besides parsing the explicit features of helicase mechanism and regulation that
allow an enzyme from the XPD family to function as a bona fide helicase or as a DNA
translocase, it will permit the rational development of novel therapeutic interventions against
diseases associated with malfunctions of XPD-like helicases.
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Figure 1. Modular organization of FeS DNA helicases
A. All XPD-like helicases contain the motor domains (HD1 and HD2) and auxiliary

domains (FeS and ARCH). Helicase signature motifs are indicated by black bars and Roman
numerals. Two additional domains found in FANCJ, CHLR1 and RTEL are shown in green.
Most studied mutations in the auxiliary domains of XPD-like enzymes are shown in red
(breast cancer causing mutations in FANCJ), blue (Fanconi anemia-associated mutation in
FANC)), purple (TTD-associated mutations in XPD) and green (mutations that disable the
damage verification site). B. Structure of XPD (PDB: 4al5) is shown as ribbon diagram.
Individual domains are colored as following: HD1 is salmon, HD2 is blue, FeS domain is
brown and ARCH domain is purple. Five nucleotide ssDNA bound to the non-canonical site
on HD2 resolved in the PDB: 4al5 structure are shown in red space filling model. From the
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structural superimposition of the motor cores XPD with another SF2 helicase (PDB: 2db3,
Vasa DEAD-box RNA helicase bound to ssRNA) the ssDNA can be extended into the
canonical DNA binding grove by additional 5 nt (green space filling model). AMP-PNP, an
ATP analog is also from the PDB: 2db3 (yellow space filling model). C. Cartoon depiction
of the XPD bound to DNA and ATP. Green and purple spheres correspond to mutations
highlighted in (A); orange spheres correspond to the key residues within the extended DNA
binding site that control helicase activity. References in the callouts indicated the
manuscripts that laid the basis for each highlighted element of the model (see text for the
details).
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Figure 2. FeScluster isa built-in proximity indictor
A& B. Schematic depiction of utilization of the FeS cluster in XPD to monitor sSDNA

translocation and unwinding, respectively. C. Distance-dependence of the fluorescence
guenching magnitude. D. One-color TIRFM experimental setup for monitoring XPD
translocation. Excitation by TIR and resulting evanescent wave (green arrow) illuminates a
thin layer of the flow cell and excites Cy3-labeled DNA molecules tethered to its surface.
Fragment of the movie frames is shown as the insert. In it, each green spot corresponds to a
single surface-tethered DNA molecule. E&F. Fragments of the representative fluorescence
trajectories for the helicase moving away and towards the label, respectively. The data
shown were adapted from [54].

DNA Repair (Amst). Author manuscript; available in PMC 2015 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Spies

Page 22

40

20

10

w I
' . ]
Number of events v/

00 ] 10 16 20 26
Translocation rate, nt/s
- C
w 0.06 126
L 3
- 004]  f g e +20 HH
s - ~+ ]
2 & 003] I $15 4%
2 k @ L 1 3
S 3 02 F10 &
@ R
e E 0.01] 2]
o HH
o 0.00 T —— 0
7] 0 200 400 600 800 1000 1200
2 IXPD], pM
S
ra D .. »
< 0.0% p20 H
]
5 000 - g
5 0.0 .
- } F10 %
& 0.0 N
0l : ; ro1 0.016 L
0 5 10 15 20 25 30 oo 5
’ 10 20 30 250 500 750 1000
time (sec) [ATP], uM

Figure 3. Analysis of XPD translocation trajectories
A. Four distinct classes of unwinding events routinely observed in XPD translocation

experiments. The top three classes could be fitted with multi-segment lines to determine the
translocation rate. The fourth trajectory depicts two translocation events that occurred too
close to one another to be analyzed. B. The rates of individual translocation events are
binned and plotted as a histogram whose Gaussian fit yields average translocation rate. C.
XPD concentration dependence of the frequency of the observed events and XPD
translocation rates suggests that at the XPD concentrations below 200 nM we were
observing translocation by individual XPD monomers. D. Both the translocation rate and the
frequency of the observed events display Michaelis-Menten dependence on ATP
concentration. The data shown were adapted from [54].
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Figure4. Analysis of XPD stepping kineticsin the high-resolution optical tweezer s experiment
A. The construct for monitoring XPD helicase activity consisted of a dumbbell DNA

structure, in which two 1.5 kb handles were tethered to the polystyrene beads held in the
optical traps, and an 89 bp hairpin structure flacked by a sSDNA region that served as a
loading site for XPD. Blue arrow depicts direction of the XPD movement along the hairpin.
Each unwound base pair lengthens the construct by 2 nucleotides (shown in red). The
substrate is constructed in a way that allows only the hairpin to be unwound and not the
handles (see [67] for details). B. A representative unwinding trajectory. After dumbbell
incubation in the XPD containing channel (1) the construct is transferred into the ATP-
containing channel (2) where unwinding is detected under the constant applied force as the
change in the length of the dumbbell structure resulting in the change in the position of the
right bead. This particular trajectory shows 5 consecutive attempts at hairpin unwinding by a
single XPD molecule. Each unwinding burst is followed by sliding of the helicase back to
the hairpin base. C. A fragment of the representative unwinding trajectory with actual
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extension data (grey) overlaid with filtered data (blue) and steps determined from fitting the
data (red). D. Representative scatter plot of step pairs. Each data points represent the size of
every adjacent pair of steps. Consecutive forward steps at highlighted in red, the pairs
consisting of at least one backward step are in orange, and 5-bp steps are in green. The data
shown were adapted from [67]. E. Proposed mechanics of 5-bp stepping.
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Figure 5. Obstacle bypass by XPD helicase visualized in pseudo-tricolor TIRFM experiment
A & B. Schematic representation of the experimental setups for simultaneous detection of

XPD and Cy5-labeled RPA2. In (A), the presence of RPA2 on ssDNA is detected due to
FRET between Cy3 on DNA and Cy5 on RPA2, while XPD binding and translocation due
to FeS mediated fluorescence quenching of both Cy3 and Cy5. In (B), Cy5-RPA2
fluorescence is excited directly. Note that despite of Cy5-RPA2 abundance in the solution,
only molecule bound to the surface-tethered DNA produce fluorescence signal (inset). C.
Four schemes for detecting XPD translocation (i) on protein-free DNA, (ii) on the protein-
coated ssDNA but with only XPD detection, (iii) on the protein coated sSDNA with
simultaneous detection of both ssDNA and RPA2, and (iv) by directly exciting RPA2.
Representative fluorescence trajectories and rate distributions are shown on the right. The
data shown were adapted from [54].
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Figure 6. Building an active helicase
Two models for cooperation between XPD and RPA2 A. Scenario 1: RPA2 (depicted in

green) binds at the ss-dsDNA junction, destabilizes 4-5 bp dsDNA upstream of the helicase.
XPD then advances into the melted region trapping the released strands. Bound RPA2
moves with the translocating strand through the motor core of XPD. The cycle repeats with
the next RPA2 molecule (yellow 2&3) binding at the junction. The prerequisite for this
scenario is opening of the ARCH domain sufficient to accommodate RPA2-ssDNA
complex. B. Alternatively, The same molecule of RPA2 may remain associated with the
helicase jammed between the junction and the hole through which the translocating strand
passes. Additional RPA2 molecules (2&3) may trap the unwound strands behind the
helicase.
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Table 1
Human XPD-like helicases
Helicase activities pathways diseases
Xeroderma Pigmentosum (XP),
. . - . Cockayne Syndrome (CS),
18,19
XPD/Rad3 (ERCC2) Helicase [18 19 damage Nucleotide excision repair (NER), Trichothiodystrophy (TTD), Cérebro-

verification [20]

transcription (271

oculo-facial-skeletal developmental
abnormalities (COFS) [33.34]

Helicasel2!, tumor suppressor?4],
anti-recombinase, translocasel22,
resolution of G-quadruplexes [2%]

FANCJ (BACH1)

Homologous recombination
(HR)[21, interstrand cross-link (ICL)
repair(28. 291

Breast Cancer [211, Fanconi
Anemia [28.29]

Helicase, anti-recombinasel24],
RTEL translocase, dismantles G4
structures at telomeres(2°]

HR [241 telomere homeostasis(2%],
replication[3%, regulation of meiotic
cross-over events [31]

Cancerl3% 361, Dyskeratosis
congenital37l, Crohn’s Diseasel38],
hypertension[39]

CHLR1 (DDX11) Helicasel?0]

sister chromatid cohesion and DNA
repair [32]

Warsaw Breakage Syndrome [40]
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