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SUMMARY
An encounter between a DNA translocating enzyme and a DNA-bound protein must occur
frequently in the cell but little is known about its outcome. Here, we developed a multi-color
single molecule fluorescence approach to simultaneously monitor single stranded (ss) DNA
translocation by a helicase and the fate of another protein bound to the same DNA. Distance-
dependent fluorescence quenching by the iron-sulfur cluster of the archaeal XPD (Rad3) helicase
was used as a calibrated proximity signal. Despite the similar equilibrium DNA binding
properties, the two cognate ssDNA binding proteins, RPA1 and RPA2, differentially affected XPD
translocation. RPA1 competed with XPD for ssDNA access. In contrast, RPA2 did not interfere
with XPD-ssDNA binding but markedly slowed down XPD translocation. Mechanistic models of
bypassing DNA-bound proteins by the Rad3 family helicases and their biological implications are
discussed.

INTRODUCTION
Central to many DNA-repair machineries are DNA helicases, ubiquitous molecular motors
that use the energy of nucleoside triphosphate (NTP) hydrolysis to move directionally along
nucleic acids (von Hippel and Delagoutte, 2003; Wu and Hickson, 2006). Among these
enzymes, superfamily II (SF2) helicases comprise the largest group of structurally related
molecular motors and conformational switches involved in virtually every aspect of cellular
nucleic acid metabolism (Gorbalenya and Koonin, 1993; Jankowsky and Fairman, 2007;
Lohman et al., 2008; Pyle, 2008; Singleton et al., 2007). Consequently, defects in SF2
helicases are associated with a broad spectrum of disorders including premature aging,
susceptibility to cancers, immunodeficiency and mental retardation (van Brabant et al.,
2000). This is also true for the five human Rad3 helicases that comprise a subset of SF2
enzymes. Two of them, XPD and FancJ (Bach1), are involved in multiple DNA repair
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pathways. Mutations in XPD (ERCC2) helicase cause defects in nucleotide excision repair
(NER) and result in hyperphotosensitivity and increased risk of skin cancer (van Brabant et
al., 2000), while mutations in FancJ interfere with double stranded breaks repair causing
predisposition to breast and ovarian cancers or lead to Fanconi Anemia due to an inability to
repair interstrand crosslinks (Cantor et al., 2001; Gupta et al., 2006; Levitus et al., 2005).

All characterized members of the Rad3 family are bona fide DNA helicases that move along
ssDNA with 5’→3’ polarity (Cantor et al., 2004; Farina et al., 2008; Hirota and Lahti, 2000;
Pugh et al., 2008a; Rudolf et al., 2006; Sung et al., 1993; Voloshin et al., 2003). Similar to
other helicases and helicase-like motors, translocation by Rad3 enzymes is the central ATP-
powered activity that may drive dsDNA unwinding and remodeling of protein-nucleic acid
complexes. Enzymes in this family differ from the other 24 identified families of SF2
helicases (Flaus et al., 2006) by the two unique insertions in helicase domain 1: one insertion
is stabilized by an iron-sulfur (FeS) cluster (Pugh et al., 2008a; Rudolf et al., 2006), while
the second forms an Arch domain characterized by a unique structural fold (Fan et al., 2008;
Liu et al., 2008; Wolski et al., 2008). The FeS cluster containing insertion forms an auxiliary
domain important for coupling of ATP hydrolysis to ssDNA translocation. Additionally, the
FeS domain forms a secondary ssDNA binding site, which positions the helicase in an
orientation consistent with duplex unwinding (Pugh et al., 2008a). Furthermore, these
enzymes readily bind to and translocate along ssDNA which may allow them to carry out
other physiologically important functions in addition to duplex unwinding such as resolution
of G-quadruplex structures by the FancJ helicase (Wu et al., 2008). Duplex unwinding by
FancJ (Gupta et al., 2007) and XPD (Pugh et al., 2008b), as well as remodeling of the G-
quadruplexes by FancJ helicase (Wu et al., 2008) is greatly facilitated by ssDNA-binding
proteins (RPAs) suggesting an important functional interaction between the RPA-coated
lattice and a Rad3 family helicase.

Here we describe a single molecule approach which allowed us to follow translocation by
the archaeal Rad3 family helicase, Ferroplasma acidarmanus XPD, in isolation and in the
presence of two cognate ssDNA-binding proteins, RPA1 and RPA2. We observed that
translocation by XPD along ssDNA is differentially affected by the presence of either of its
two cognate ssDNA-binding proteins, RPA1 and RPA2. XPD translocation along RPA2-
ssDNA complex may represent a generalized mechanism employed by the Rad3 family
helicases for targeting the cognate DNA processing intermediates.

RESULTS
The FeS of XPD helicase quenches Cy3 fluorescence in a distance-dependent manner

We recently demonstrated that binding of XPD to a DNA substrate proximal to the Cy5 dye
results in significant fluorescence quenching mediated by the FeS cluster present in this
helicase (Pugh et al., 2008a). In this study, we substituted the more photo-stable Cy3
fluorophore for Cy5 and examined the relationship between Cy3 quenching, and the distance
between the FeS cluster and Cy3 (Figure 1). Upon binding to ssDNA, XPD occluded
approximately 20 nucleotides of ssDNA with the FeS cluster positioned near the 3’-end of
occluded region (Figure S1). Cy3 has proven useful in monitoring protein-nucleic acid
interaction by tracking an increase in its fluorescence intensity, usually 10–50%, upon
binding of a protein in close proximity (Fischer et al., 2004; Luo et al., 2007; Myong et al.,
2009). This effect is markedly different from the almost 100% Cy3 quenching observed in
our study (Figure 1B and Figure S1). Although the mechanism by which fluorescence is
quenched by FeS cluster has not been reported, the iron atom in hemin was shown to quench
GFP fluorescence by a mechanism involving intermolecular long-range dipole-dipole
coupling (Takeda et al., 2003). An energy transfer similar to this may be responsible for the
FeS cluster-dependent Cy3 quenching property of XPD. Regardless of the exact mechanism,
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the change in Cy3 fluorescence could be linearly approximated to the change in the position
of the helicase (Figure 1B). A change in the helicase position by 1 nucleotide corresponded
to a 3.0 ± 0.3% change in Cy3 fluorescence relative to the original signal. Therefore, Cy3
quenching can be used as a specific and sensitive probe for XPD-ssDNA interaction and for
accurately tracking the position of XPD on the DNA lattice.

Visualization of XPD binding and translocation on individual ssDNA molecules
Using Cy3 quenching as a proximity indicator, we visualized XPD binding to and
translocation along the Cy3-labeled ssDNA at the level of individual nucleo-protein
complexes. Oligonucleotides biotinylated at one end and labeled with the Cy3 dye at the
opposite end were immobilized on the surface of the total internal reflection microscopy
(TIRM) flow chamber. This approach yielded single molecule fluorescence trajectories with
distinct quenching patterns that were dependent on both the length of the oligonucleotide
and its polarity (Figure 2A–C). When Cy3 was placed near the 5’-end of a 42mer ssDNA,
binding of XPD was observed as an instantaneous quenching followed by gradual recovery
of Cy3 fluorescence, which reflected XPD translocation away from the dye (Figure 2A).
When Cy3 was incorporated at the 3’-end of a 42mer ssDNA, translocation by XPD towards
the dye manifested in a gradual decrease in fluorescence, and its dissociation was observed
as an instantaneous recovery of fluorescence (Figure 2B). For both types of ssDNA
substrates labeled with Cy3 at the 5’ or 3’-end, the binding and translocation initiation sites
did not have a preferred location along ssDNA (Figure S2). To avoid loss of the substrate
associated with XPD translocation towards the surface and disrupting biotin-avidin
anchoring, all subsequent experiments were carried out with the substrate immobilized
through the 5’ end and labeled with Cy3 dye at the 3’ end.

The gradual quenching signal attributed to translocation was detected only in the presence of
ATP, whereas binding events were observed in the absence of ATP or in the presence of
non-hydrolyzable ATP analogues (Figure S3). In agreement with our estimated binding site
size of ~ 20 nt, only binding and no translocation was observed on almost all of the 22 mer
ssDNA molecules (Figure 2C, left). When the length of the substrate was increased to 32
nucleotides we observed Cy3 quenching, which corresponded to XPD binding at a distance
between 0 and 10 nucleotides from the dye, followed by translocation towards the Cy3
labeled 3’-end (Figure 2C, middle). Binding of XPD to and its translocation along the 42
nucleotide ssDNA yielded trajectories similar to that described for 22-mer and 32-mer
ssDNA. In addition, a significant fraction of observed events displayed gradual fluorescence
decrease without an initial quantal drop in fluorescence seen for shorter DNA molecules.
We attributed trajectories of this type to events where initial binding of XPD positioned its
FeS cluster beyond the limit of the fluorescence quenching detection (Figure 2C, right).

Translocation experiments were carried out at several XPD and ATP concentrations to
analyze kinetic parameters of XPD translocation on ssDNA. Recorded fluorescence
trajectories yielded the frequency of binding/translocation events. The translocation rates
were calculated from analysis of the individual events (Figure S4) using the quenching vs.
distance calibration shown in Figure 1. Distributions of the rates for different XPD and ATP
concentrations are shown in the Figure S5. Nearly all helicase molecules reached the ssDNA
end without detectable pauses or dissociation. The translocation rate was not affected by the
enzyme concentration and was 13 ± 2 nt/s for the tested range of conditions (between 30 pM
and 1.2 nM XPD) (Figure 2D). In contrast, the frequency of XPD binding/translocation
events increased linearly with increasing XPD concentration in the range of 0–200 pM XPD.
In this range, each observed event represented binding and translocation by an individual
helicase molecule. Therefore, most of the subsequent single-molecule data were collected at
150 pM XPD, which is well within the linear range. However, to compensate for a low
frequency of XPD translocation events at low ATP concentrations, ATP titration
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experiments (Figure 2E) were carried out at 600 pM XPD. Under these conditions some of
the observed events may be caused by more than one enzyme. In most cases, such events are
obvious (such as shown in Figure S4D) and were excluded from analysis. Both the
frequency of observed events and the average translocation rates were functions of ATP
concentration (Figure 2E). Dependence of the translocation rate on ATP concentration
yielded kcat = 12 ± 1 nt/s and KM = 2.8 ± 1.0 µM. The frequency of observed events was

fitted to the following equation:  where f1 and (f1+f 2) are frequencies
of XPD and XPD-ATP complex binding to ssDNA, respectively. This analysis resulted in
the KATP = 9.4 ± 2.1 µM, f1 = 0.016 ± 0.001 s−1 and f2 = 0.019 ± 0.001 s−1, indicating that
the ATP bound form of XPD displays two-fold increase in binding rate to the DNA relative
to ATP-free form. All individual binding events resulted in a single round of translocation
on the same ssDNA in contrast to the superfamily I helicase, E. coli Rep, which translocates
on the same segment of ssDNA multiple times without dissociating (Myong et al., 2005).

Two cognate ssDNA-binding proteins differentially affect XPD-ssDNA interactions
ssDNA-binding proteins are ubiquitous and indispensable for numerous aspects of cellular
DNA metabolism and are known to affect activities of DNA helicases (Cadman et al., 2005;
Cadman and McGlynn, 2004; Cui et al., 2004; Doherty et al., 2005; Gupta et al., 2007; Shen
et al., 2003; Shereda et al., 2007). F. acidarmanus has two distinct ssDNA-binding proteins,
RPA1 and RPA2 (Robbins et al., 2005). Each subunit of the homodimeric RPA1 contains 2
oligonucleotide/oligosaccharide binding (OB) folds and a Zn-finger with an overall binding
site size of 20 nucleotides per dimer. Monomeric RPA2 contains a single OB fold and
occludes approximately 5 nucleotides (Pugh et al., 2008b). The two proteins display
different ssDNA binding modes: RPA1 stretches ssDNA, while RPA2 binding results in
DNA bending (Robbins et al., 2005). Under our experimental conditions, both RPA1 and
RPA2 bind ssDNA with affinity in the low nM range (Figure S6A). Therefore, 100 nM RPA
used in our single-molecule assays should fully saturate ssDNA. Under the steady-state
conditions, neither of the two proteins completely prohibited XPD translocation on ssDNA
as evident from its ability to facilitate streptavidin dissociation from biotin conjugated to the
3’ end of ssDNA (Figure S6B).

We first probed whether either of the two proteins affected XPD binding to and
translocation along ssDNA. FeS cluster dependent fluorescence quenching propitiously
allowed us to distinguish XPD binding from RPAs binding, and therefore to analyze XPD
translocation on ssDNA coated with RPA1 or RPA2. Although RPA2 binding in the vicinity
results in a small increase in Cy3 fluorescence, calibration of the Cy3 quenching by XPD in
the presence of RPA2 showed that RPA2 has little or no effect on the quenching magnitude
at several tested distances (Figure S6C). In addition, RPA2 did not impair XPD binding to
ssDNA (Figure S6D). In contrast, XPD affinity for ssDNA was reduced in the presence of
RPA1 complicating calibration of the quenching signal. However, since the quenching
magnitudes at saturating amounts of XPD were the same with and without RPA1, we used
the same conversion value (1nt ~ 3% quenching) for protein-free and for RPA-coated DNA.

The translocation rate of XPD alone on free ssDNA was compared with that on RPA1 or
RPA2 coated-ssDNA. Figure 3A–C shows distributions of the translocation rates obtained
by analysis of 600 fluorescence trajectories recorded at each condition (left) and
representative time trajectories of Cy3 fluorescence intensity (right). Analysis of the
translocation events observed on protein-free ssDNA yielded a Gaussian distribution with
the mean translocation rate of 13.8 ± 3.1 nt/s (Figure 3A). The mean translocation rate (13.3
± 2.4 nt/s) in the presence of RPA1 (Figure 3B) was similar to that on the protein-free
ssDNA. Given the competition between RPA1 and XPD for access to ssDNA and their
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comparable binding site sizes, the observed XPD translocation is likely to occur along naked
ssDNA as a result of spontaneous or XPD-facilitated dissociation of RPA1 within the
detection range of the iron-dependent Cy3 quenching. Interestingly, the distribution of XPD
translocation rates in the presence of RPA2 displayed two maxima, one identical to that
observed in the absence of RPA (13.8 ± 2.4 nt/s) and the second at a >2-fold reduced rate,
5.9 ± 1.9 nt/s (Figure 3C).

It is possible that the slower translocation rates were observed when XPD had to bypass
RPA2 by sliding it along the ssDNA, sharing the lattice with RPA, or displacing it. The
faster rate may represent XPD translocation events where RPA2 has dissociated from or was
distributed less densely along ssDNA. Indeed, fraction of XPD molecules translocating with
slow rates increased in an RPA2 concentration-dependent manner, while the fraction of
molecules translocating at fast rates decreased (Figures 3D). The RPA2 dependent transition
of fast to slower translocation rate was bimodal (Figure S7A). Additionally, the lifetime of
XPD on ssDNA in the presence of RPA2 increased due to slower translocation rate (Figure
S7B). In addition to trajectories displaying fast or slow translocation rates, some of the
trajectories recorded in the presence of RPA2 exhibited a biphasic behavior where the
translocation of the helicase suddenly accelerated or slowed down (Figure S8).

Next, we compared the association constants (kon) for the XPD-ssDNA interactions with or
without 100 nM RPA1 and RPA2 at 150 pM XPD. As expected from the equilibrium
binding assays (Figure S6D), coating ssDNA with RPA1 interfered with XPD binding to the
immobilized ssDNA substrates (Figure 3E) with ~5-fold decrease in the apparent kon. In
contrast, binding of XPD to ssDNA was unchanged or slightly increased in the presence of
the smaller, monomeric RPA2. Combined, our observations demonstrated that XPD binds
efficiently to and translocates along RPA2-coated ssDNA while RPA1 competes XPD for
ssDNA binding.

Two distinct mechanisms of XPD translocation along RPA coated ssDNA
Elucidating the relationship between XPD translocation and the presence of RPA on ssDNA
required simultaneous observation of RPA and XPD. To simultaneously detect RPA and
XPD, we combined the FeS cluster-dependent quenching with single-molecule fluorescence
resonance energy transfer (smFRET). Both RPAs were site-specifically labeled with Cy5 at
the N-terminus. Incorporation of approximately 1 Cy5 dye per monomer of RPA2 did not
impair binding to ssDNA while RPA1 binding was only slightly affected (Figure S9).
Binding of RPA to and its presence on ssDNA was monitored by measuring FRET between
Cy3 (donor) incorporated into 3’-end of ssDNA and Cy5 (acceptor) incorporated into RPA
(Figure 4A). When saturating amounts (100 nM) of Cy5 labeled RPA1 or RPA2 were added
to the flow chamber containing immobilized Cy3-ssDNA, all recorded trajectories displayed
a combination of high and low FRET states that reflected RPA binding to and dissociation
from ssDNA (the “on” and “off” states are indicated for the representative trajectories
shown in Figure 4A). While several RPA molecules may be bound to each ssDNA substrate,
our experimental scheme follows the protein most proximal to Cy3.

Next, we added 150 pM of XPD and 1 mM ATP to the reaction and expected to observe one
of the two possible types of fluorescent trajectories. If XPD translocation promotes RPA
displacement, we expected gradual Cy3 quenching associated with XPD translocation
toward Cy3-labeled ssDNA end (arrow labeled “XPD translocation” in Figure 4B) to
coincide with or to be immediately preceded by a sudden disappearance of the Cy5 signal
indicative of dissociation of Cy5-labeled RPA (Figure 4B). In this scenario, eventual
dissociation of XPD would result in recovery of Cy3 fluorescence but not that of Cy5. If the
helicase bypasses the bound RPA molecule without displacing it, Cy5 emission, which is
due to FRET from Cy3, should decrease concomitantly with that of Cy3 (arrow labeled
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“XPD translocation” in Figure 4C). The two effects that may be responsible for this
fluorescence change are: (i) reduced excitation of the Cy5 dye due to the quenched intensity
of the Cy3 dye, and (ii) direct quenching of the Cy5 emission by the translocating XPD.
When XPD dissociates, both Cy3 and Cy5 should recover their fluorescence simultaneously
(arrow labeled “XPD off” in Figure 4C). Among 50 analyzed translocation events in the
presence of RPA1 and XPD, 78% events displayed patterns characteristic of XPD
translocation with RPA displacement from ssDNA (Figure 4B), and only 22% translocation
patterns displayed synergistic Cy3 and Cy5 quenching/recovery patterns (Figure 4C).
Among 71 trajectories recorded in the presence of RPA2, 59% of events displayed patterns
characteristic of RPA2 dissociation and 41% displayed synergistic quenching.

Notably, the average XPD translocation rate associated with events we attributed to RPA
dissociation (14.3 ± 2.6 and 13.3 ± 2.4 nt/s in the presence of Cy5-labeled RPA1 and RPA2,
respectively) was similar to that observed on the protein-free ssDNA (13.8 ± 2.4 nt/s), in the
presence of unlabeled RPA1 (13.3 ± 2.4 nt/s) and to the average “fast” translocation rate in
the presence of RPA2 (13.8 ± 2.4 nt/s). Although we could not use our calibration parameter
to unambiguously calculate the XPD translocation rate in the synergistic quenching/recovery
patterns (such as shown in Figure 4C) due to a possibly complex interplay between FeS
cluster-mediated quenching and FRET between Cy3 and Cy5 dyes, it took noticeably longer
for XPD to achieve complete quenching of both dyes from the initial FRET state than
expected for the protein-free ssDNA (if take into consideration only Cy3 signal, the rates of
XPD translocation deduced from synergistic quenching trajectories were 8.9 ± 4.3 and 6.4 ±
2.9 nt/s for Cy5-RPA1 and Cy5 RPA2 respectively, which correlated well 5.9 ± 1.9 nt/s
“slow” average rate for XPD translocation on the RPA2-coated ssDNA). This suggests that
the slower translocation rate observed in the presence of unlabeled RPA2 (Figure 3C) might
reflect the scenario depicted in Figure 4C.

Evidence that XPD can bypass bound RPA
When the Cy3 and Cy5 dyes displayed a synergistic behavior, we attributed this behavior to
translocation of XPD over the bound RPA. However, since the dye is located at the very
terminus of the ssDNA molecule, we could not completely rule out the possibility that if the
helicase is to stop before the last bound RPA2 (i.e. 4 – 5 nucleotides from the 3’-end), we
may still observe simultaneous quenching and recovery of the Cy3 and Cy5 dyes. To test if
XPD indeed bypasses bound RPAs, we monitored Cy5 fluorescence associated with ssDNA
bound RPAs by directly exciting Cy5 (Figure 5). In this experiment, RPA concentration was
lowered to 5 nM. In this range of RPA concentration, appearance of the Cy5 signal
represented an individual RPA molecule binding to an immobilized ssDNA. In the absence
of XPD helicase, we observed two-state fluctuations in the Cy5 intensity (Figure 5A), which
were attributed to binding and dissociation of RPA. When XPD and ATP were present in the
reaction mixture, we observed two distinct types of fluorescence trajectories (Figure 5B).
Type 1 trajectories displayed gradual Cy5 quenching events immediately followed by
gradual fluorescence recovery. We attributed these quenching/recovery (indicated as arrow 1
and arrow 2) patterns to the FeS cluster-dependent quenching of the Cy5 fluorescence. In
this scenario, the gradual fluorescence quenching by an approaching XPD helicase would
reach its maximum quenching when the distance between the RPA-linked Cy5 dye and the
FeS cluster was the shortest, and the subsequent translocation of XPD away from the dye
would result in recovery of the fluorescent signal, indicating that RPA remained bound to
ssDNA through the reaction. In the type 2 trajectories, XPD translocation only caused
gradual quenching of Cy5 and no recovery. These types of trajectories may reflect events
where XPD displaced RPA, pushed RPA off the edge of the molecule, or was stopped by
encountering a bound RPA (indicated as arrow 1). Among 300 randomly selected traces
collected in the presence of RPA1 and XPD, only 4 events displayed Type 1 patterns
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characteristic of XPD bypassing bound RPA without displacement and 11 events displayed
Type 2 trajectories characteristic of XPD translocation with RPA displacement. The small
number of events observed in these experiments was limited by the low concentration of
RPAs. Cy5-RPAs were the only species that produced fluorescence signal upon red laser
excitation. We could only observe XPD translocation when XPD and RPA binding to
ssDNA coincided both spatially and temporarily. Under selected experimental conditions
both RPA1 and RPA2 spent only a small fraction of time on DNA, yielding only a few
events when both ssDNA binding protein and the helicase were present on DNA spatially
proximal and simultaneously. Among 300 traces collected in the presence of RPA2, 18
events displayed Type 1 patterns and 9 events displayed Type 2. The higher frequency of
events where XPD bypassed RPA2 compared to RPA2 dissociation in the middle of the
translocation event and a higher frequency of RPA1 dissociations were consistent with
results shown in Figure 4.

XPD translocation facilitates RPA1 dissociation from ssDNA
Although the data above indicate that XPD can bypass RPA without displacing it, the events
in which RPA dissociation immediately preceded XPD translocation represented the
majority of events for RPA1 and were observed for RPA2 as well. Dissociation of the RPAs
could result from XPD-facilitated displacement or from spontaneous dissociation of RPA
from the ssDNA lattice. To determine whether XPD translocation actively promotes RPA
dissociation from ssDNA, we calculated the life time of both RPA1 and RPA2 on ssDNA
immediately preceding XPD translocation and compared it to that calculated in the absences
of XPD. In these experiments, we followed RPA1 or RPA2 binding by monitoring FRET
between Cy3 dye on ssDNA and Cy5-labeled RPA. The Cy5-RPA concentration was
decreased to 5 nM to allow observation of binding and dissociation by individual RPA
molecules (Figure 6A). Thus, we were able to evaluate the effect of XPD translocation on
the lifetime of RPAs on ssDNA. For this we selected and measured the dwell times of RPA
“on” states directly preceding XPD translocation (Figure 6B). The average lifetime of RPA1
on ssDNA just before XPD translocation (1.65 ± 0.77 s) was ~5 times lower than in the
absence of XPD and ATP (7.32 ± 3.42 s). In contrast, the lifetime of RPA2 on ssDNA was
not affected by XPD translocation (Figure 6C).

DISCUSSION
DNA helicases frequently encounter ssDNA binding proteins during various DNA
processing events. Using several complementary single-molecule fluorescence approaches
we have analyzed binding and translocation of the archaeal SF2 helicase, XPD, along
ssDNA decorated with ssDNA-binding proteins. Our approaches allowed for real-time
observation of the interplay between the two proteins on individual DNA molecules. Our
models interpreting the observed fluorescence trajectories and the differential effects of the
two F. acidarmanus RPAs (RPA1 and RPA2) on XPD-ssDNA interaction are summarized in
Figure 7. The illustration depicts distinct modes with which RPA1 extends ssDNA upon
binding, while RPA2 bends the DNA strand pre-configuring it for XPD binding. RPA1
strongly competes with XPD for binding to ssDNA, whereas, RPA2 does not impair, but
rather slightly facilitates ssDNA binding by XPD. In the presence of RPA2, translocation by
XPD along ssDNA was slower than that observed for protein-free ssDNA. Our results
further indicate that an encounter by XPD of a bound RPA may result in one of the two
possible outcomes: it may bypass RPA without displacing it from the DNA or may facilitate
RPA dissociation. In a majority of the observed events, XPD translocation was coupled to
RPA1 dissociation (Figure 4 and Figure 5). Analysis of the dwell-times for RPA1 bound to
ssDNA directly preceding XPD translocation suggested that its dissociation was actively
facilitated by XPD (Figure 6). This facilitated displacement may allow XPD to overcome
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obstacles encountered during translocation. In contrast, RPA2 is not displaced from ssDNA
during translocation by XPD helicase in a majority of events. Predominantly, we observed
coexistence of RPA2 and XPD helicase. In a smaller fraction of events where XPD
translocation coincided with RPA2 dissociation, its dissociation was spontaneous and not
facilitated by the helicase.

The most attractive model explaining how XPD bypasses RPA2 is that XPD coexists on the
same ssDNA lattice with and translocates over the RPA proteins. Although unprecedented,
this proposition is not entirely counterintuitive because SF2 helicases are known to
translocate along the phosphodiester backbones of nucleic acids (Singleton et al., 2007),
whereas ssDNA binding by eukaryotic and archaeal OB folds involves primarily nucleic
acid bases (Bochkarev et al., 1999; Kerr et al., 2003; Lei et al., 2004). While the structure of
XPD bound to DNA is not available, the proposed DNA binding groove may be sufficiently
large to accommodate RPA coated ssDNA (Fan et al., 2008; Liu et al., 2008; Wolski et al.,
2008). However, the donut-like shape formed by helicase domain 2 and the domains unique
to Rad3 family of helicases, the Arch and the FeS domains (Fan et al., 2008; Wolski et al.,
2008) provides only a 15–20 Å wide hole for ssDNA passage. This is too narrow to
accommodate a 30 Å wide ssDNA-RPA complex (Bochkarev et al., 1999). Since DNA
helicases are known to undergo large conformational changes and domain swiveling upon
binding to DNA (Korolev et al., 1997; Lee and Yang, 2006; Soultanas et al., 1999), we
envision that interaction with DNA may result in a larger opening. Moreover, if ssDNA is
indeed threaded through the hole between the Arch and FeS domains, the two domains have
to separate to allow XPD to bind to its natural substrate. This is because, as an integral part
of the TFIIH complex involved in nucleotide excision repair and transcription initiation
(Boulikas, 1996), the physiological substrate for XPD binding is expected to be a bubble
structure where the two complementary strands are transiently separated providing no free
ssDNA end for initial entry. It is also possible that the contacts between the Arch and FeS
cluster domains are dynamic promoting transient separation of the two domains, which can
be further facilitated by XPD binding to the RPA-ssDNA complex. Such conformational
rearrangements may represent the rate limiting step resulting in the slower translocation rate
observed when XPD bypasses bound RPA2.

RPA2 has been found to aid XPD-mediated DNA unwinding to a greater extent than RPA1
(Pugh et al., 2008b). The difference between the two RPAs may represent a mechanism for
targeting the archaeal NER helicase to its cognate DNA processing intermediates. XPD has
at least two DNA binding sites (Pugh et al., 2008a) which are likely located on the opposite
faces of the helicase (Wolski et al., 2008) (schematically depicted in Figure 7). The small
binding site size (5 nt) of RPA2 and its ssDNA bending property (Robbins et al., 2005) may
promote XPD binding by providing a preferred ssDNA configuration. In contrast, inhibition
of XPD–ssDNA interaction by RPA1 may stem from its binding site size (20nt per
homodimer) and binding mode that results in an extended and likely inflexible RPA1-
ssDNAcomplex (Robbins et al., 2005). It is possible that each of the Rad3 family helicases
has its own cognate ssDNA binding protein that provides an ideal substrate for targeting and
translocation by the respective helicase, similarly to F. acidarmanus RPA2 and XPD.

An ssDNA binding protein consisting of a single OB fold is widely conserved among
metazoans, including hSSB1 in humans which reportedly plays a role in genomic
maintenance (Richard et al., 2008). RPA2 from F. acidarmanus also has a single OB fold
and this RPA2-specific functional interaction with XPD may be used by Rad3 family
helicases from the eukaryotic organisms that possess several nuclear ssDNA binding
proteins for targeting of the respective helicase to the desired DNA processing
intermediates. We propose that translocation on a protein-coated DNA lattice may represent
a generalized feature used by Rad3 family helicases, whether it is achieved by translocating
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over the bound ssDNA-binding protein or by facilitating its dissociation ahead of the
translocating enzyme. Both scenarios would provide a mechanism for these helicases to
bypass ssDNA-binding proteins in the course of respective genome maintenance events.

EXPERIMENTAL PROCEDURES
Proteins and DNA

F. acidarmanus XPD, RPA1 and RPA2 were purified as previously described (Pugh et al.,
2008a; Pugh et al., 2008b). Fluorescent labeling of RPA1 and RPA2 were performed by
coupling Cy5 monoreactive NHS esters (GE Healthcare) to the N-terminal amine group at
pH 7.0 (Galletto et al., 2006). Briefly, RPA1 and RPA2 were mixed with a 10-fold molar
excess of the Cy5 monoreactive NHS esters (GE Healthcare) in buffer L (50 mM K2HPO4/
KH2PO4, pH 7.0, 100 mM NaCl and 1 mM DTT) for 30 min at room temperature. The
reaction mixtures were then incubated for 12 h at 4 °C and terminated by addition of 50 mM
Tris-HCl, pH 7.5. Cy5-labeled RPA1 and RPA2 were separated from the free dye using a
Desalting column (GE healthcare). The ratio of dye incorporated per protein molecule was
1.17 mol Cy5 per mol RPA1 and 1.09 mol Cy5 per mol RPA2, which was consistent with a
single label per protein molecule, utilizing ε650(Cy5) = 250,000 M−1cm−1, ε280(Cy5) = 12,5
00 M−1cm−1, ε280(RPA1) = 34,000 M−1cm−1, and ε280(RPA2) = 21,890 M−1cm−1. To
confirm that the proximity of the protein surface did not affect Cy5 dye, we compared the
absorbance spectra of the native and denatured proteins. Oligonucleotide substrates were
purchased from IDT. The sequences and modifications for all substrates are shown in Table
S1.

Equilibrium Cy3-quenching assays
All bulk equilibrium binding assays were performed using a Cary Eclipse Fluorescence
Spectrophotometer (Varian). To determine the distance dependence of XPD-mediated
quenching, we monitored quenching of the Cy3 fluorescent dye incorporated at the 5’ or 3’-
end of the DNA substrates schematically depicted in Figure 1A. The Cy3 dye was excited at
550 nm and its emission was detected at 568 nm. Binding reactions were carried out at 20
°C in reaction mixtures containing 50 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 1 mM DTT, 100
µg/mL BSA. The reaction mixtures were incubated at 20 °C for 2 min and the baseline
fluorescence was recorded before addition of 10 nM Cy3-labeled DNA (5Cy3-42, 3Cy3-42,
3Cy3-32, 3Cy3-27 or 3Cy3-58). Increase in the fluorescence was recorded and attributed to
the fluorescence of the free DNA substrate. Upon the addition of each aliquot of XPD, the
fluorescence signal was allowed to equilibrate, recorded over 1 min and averaged. The
change in the fluorescence was plotted and analyzed using GraphPad Prism software.

Reaction conditions for the single-molecule assay
Cy3-labeled oligonucleotides were immobilized on the surface through biotin-neutravidin
linkage. The quarts slides (Finkenbeiner) were coated with polyethyleneglycol in order to
eliminate nonspecific surface adsorption of proteins (Ha et al., 2002; Roy et al., 2008). The
immobilization was mediated by biotin-neutravidin interaction between biotinylated DNA,
neutravidin (Pierce), and biotinylated polymer (PEG-MW 5,000, Nectar Therapeutics).
Unbound DNA was then removed by washing the microscope slide with the reaction buffer.
Typical translocation buffer contained 50 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 1 mM DTT,
100 µg/mL BSA and the oxygen scavenging system consisting of 1 mg/ml glucose oxidase
(Sigma), 0.4% (w/v) D-glucose (Sigma), 0.04 mg/ml catalase (Roche) and 1% v/v 2-
mercaptoethanol (Acros). Immobilization of 100 pM of each oligonucleotide allowed for
detection of 100–600 individual molecules per slide. DNA density was confirmed by
counting the surface-tethered Cy3 dyes excited with the 532 nm laser. XPD was then added
and incubated for 5 min at 25°C in the standard translocation buffer in the presence of the
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indicated concentrations of ATP, RPA1, RPA2, Cy5-labeled RPA1 and Cy5-labeled RPA2.
Unless otherwise indicated, typical assays were carried out in the presence of 150 pM XPD.

Single-molecule data acquisition
Total internal reflection was used to excite fluorophores linked to the surface tethered
molecules. Cy3 fluorescence was excited by a frequency-doubled Nd:YAG laser (532 nm,
75mW, Crysta-Laser), and HeNe laser (633 nm, 30mW) was used for direct Cy5 excitation.
The fluorescence signals from the Cy3 and Cy5 dyes were collected by a water immersion
objective 60x (Olympus), passed through a 550 nm long-pass filter to block out laser
scattering, separated by a 630 nm dichroic mirror and detected by EMCCD camera (Andor)
with a time resolution of 30 ms. Fluorescence signals of both dyes were amplified before
camera readout; therefore, the recorded fluorescence intensity is reported in arbitrary units
(a.u.). The signal was recorded using in house software written in Visual C++. Single-
molecule traces were extracted from the recorded video file by IDL software.

Single-molecule data analysis
Fluorescence trajectories extracted for the individual molecules were sorted based on visual
examination of the quenching patterns. The translocation rates were then determined by
fitting the experimental data to the models shown in Figure S4 using GraphPad Prism
software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Calibration of Cy3 fluorescence quenching by the FeS cluster of XPD helicase
(A) Experimental design: The quenching experiments were carried out under stoichiometric
binding conditions. When XPD and the ssDNA substrate were present in equimolar
concentrations, XPD binding positions were uniquely dispersed along the 42mer
oligonucleotide labeled with Cy3 at one end. The ensemble-average position was expected
to coincide with the center of the oligonucleotide. When XPD was present at two-fold
excess concentration over the DNA substrate, we expected two helicase molecules to be
bound to each oligonucleotide occluding its complete length. Thus, for each helicase:
ssDNA ratio, we predicted the distance between the front edge of the helicase and Cy3. (B)
Quantification of the quenching magnitudes (blue circles). The solid line represents linear
approximation of Cy3 quenching as a function of the distance between the leading edge of
XPD and the dye.

Honda et al. Page 13

Mol Cell. Author manuscript; available in PMC 2010 March 11.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



Figure 2. Cy3 quenching allows visualization and analysis of XPD binding to and translocation
along ssDNA
(A) Schematic depiction of the immobilized ssDNA (42mer) with Cy3 at the 5’-end and a
representative single-molecule trajectory of XPD-dependent Cy3-quenching in the presence
of ATP (right panel). Cy3 fluorescence intensity abruptly decreased as the result of XPD
binding and then gradually recovered as the helicase translocated away from the dye in the
5’→3’ direction. (B) Surface-tethered ssDNA (42mer) labeled with Cy3 at the 3’-end. A
representative fluorescence trajectory shows that XPD translocation along this substrate
resulted in gradual quenching of Cy3 intensity followed by its full recovery when XPD
dissociated from the substrate. (C) Representative fluorescence trajectories for the substrates
of 22, 32 and 42 nucleotides long carrying the Cy3 dye at the 3’-end depict the length-
dependence of the binding/translocation patterns. (D) Effect of XPD concentration on the
frequency of the observed events (red) and on the rate of XPD translocation (blue). (E) Both
frequency of observed translocation events (red) and translocation rate (blue) were functions
of ATP concentration.
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Figure 3. The two F. acidarmanus RPAs differentially affect XPD binding to and translocation
along ssDNA
(A) In the case of XPD translocation on protein-free ssDNA, 138 individual translocation
events were observed in 600 analyzed trajectories. Individual rates were binned in 5%
fluorescence change per second intervals, plotted and analyzed by fitting the resulting
histogram to normal distribution. The average and standard deviation were used to calculate
the average translocation rate. (B) Only 48 events were observed and analyzed per 600
trajectories recorded in the presence of 100 nM RPA1. (C) In the presence of 100 nM RPA2,
the frequency of observed events slightly increased (193 events were observed and analyzed
per 600 traces). The histogram displayed two peaks and was fitted with double normal
distribution resulting in the two characteristic rates. Representative fluorescence trajectories
for each condition are shown on the right of respective histograms. (D) Fractions of XPD
molecules translocating at slow rates were calculated as the ratio of area under the left hump
of double Gaussian distribution to the total area under the distribution curve. (E) Kinetic
association constant, kon was calculated from the frequency of the quenching events
recorded at 150 pM XPD. Error bars represent standard deviation for three sets of 100
randomly selected trajectories.
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Figure 4. Two observed modes of XPD translocation along RPA coated ssDNA
(A) Binding of the Cy5-labeled RPAs to the Cy3-labeled ssDNA (schematically depicted on
the left) can be detected by following FRET between the two dyes. Fluorescence of the Cy3
and Cy5 dyes is shown in green and red, respectively. (B) If RPA (100 nM) is displaced by
the translocating XPD helicase (150 pM) or dissociates from ssDNA, we expected to
observe uncoupled fluorescence trajectories. Examples of the fluorescence trajectories
displaying such a behavior are shown for ssDNA coated with both RPA1 (middle) and
RPA2 (right). (C) If XPD (150 pM) translocates over the bound RPA (100 nM) without
displacing it from ssDNA, we expected to observe a synergistic quenching followed by the
recovery of Cy3 and Cy5 fluorescence.
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Figure 5. Translocation of XPD observed through quenching of directly excited Cy5- RPA1 and
2
(A) Visualization of ssDNA binding by 5 nM Cy5-RPA. The ssDNA binding/dissociation of
either RPA1 (middle) or RPA2 (right) was monitored by following change in Cy5
fluorescence intensity (the “on” and “off” states are indicated by respective dotted lines). (B)
The effect of XPD translocation on DNA bound RPAs. Two distinct types of Cy5
fluorescence trajectories were observed in the presence of 150 pM XPD and 1 mM ATP. In
the type 1, the Cy5 fluorescence was quenched and recovered resulting in a symmetric
trajectory (Type 1). Gradual decrease and increase of Cy5 intensity reflected XPD
approaching (arrow 1) and moving away (arrow 2) from Cy5 labeled RPA. In the second
type of trajectories we observed only gradual quenching of Cy5 and no recovery (Type 2).
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Figure 6. XPD facilitates displacement of RPA1 but not RPA2
(A) Representative FRET trajectory of Cy5-RPA1 binding and dissociating from Cy3-
labeled ssDNA. The “on” and “off” states for the Cy5 signal (red) are indicated on the right.
The duration of the ssDNA bound state of Cy5-RPA1 is indicated by the arrow. (B)
Representative FRET trajectory of Cy5-RPA1 recorded in the presence of 150 pM XPD and
1 mM ATP. The duration of the ssDNA-bound state of Cy5-RPA1 just before XPD
translocation was measured as indicated by the arrow. (C) Average duration of the XPD
“on” state. The error bars represent standard deviation for 25 individual events.
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Figure 7. Model for XPD targeting to RPA2 coated ssDNA and its translocation
XPD is schematically represented by the light blue figure. OB-folds (RPA1 and RPA2) and
Zn-finger (RPA1) domains are depicted as green crescents and yellow circles, respectively.
Stretching of the ssDNA molecule by RPA1 may inhibit XPD–ssDNA interaction, while
ssDNA that is pre-bent due to the interaction with RPA2 represents a substrate that can be
accommodated between the two ssDNA binding sites on XPD. Subsequent progression of
XPD along a ssDNA lattice has to occur either by displacing bound RPA or translocation
over it. The small binding site size of RPA2 and its dynamic association with ssDNA may
result in ssDNA continuously occupied by ssDNA-binding proteins during XPD
translocation.
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