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ABSTRACT

Cockayne syndrome protein B (CSB) belongs to
the SWI2/SNF2 ATP-dependent chromatin remodeler
family, and CSB is the only ATP-dependent chro-
matin remodeler essential for transcription-coupled
nucleotide excision DNA repair. CSB alone remod-
els nucleosomes ∼10-fold slower than the ACF
remodeling complex. Strikingly, NAP1-like histone
chaperones interact with CSB and greatly enhance
CSB-mediated chromatin remodeling. While chro-
matin remodeling by CSB and NAP1-like proteins
is crucial for efficient transcription-coupled DNA
repair, the mechanism by which NAP1-like pro-
teins enhance chromatin remodeling by CSB re-
mains unknown. Here we studied CSB’s DNA-binding
and nucleosome-remodeling activities at the single
molecule level in real time. We also determined how
the NAP1L1 chaperone modulates these activities.
We found that CSB interacts with DNA in two prin-
ciple ways: by simple binding and a more complex
association that involves gross DNA distortion. Re-
markably, NAP1L1 suppresses both these interac-
tions. Additionally, we demonstrate that nucleosome
remodeling by CSB consists of three distinct phases:
activation, translocation and pausing, similar to ACF.
Importantly, we found that NAP1L1 promotes CSB-
mediated remodeling by accelerating both activation
and translocation. Additionally, NAP1L1 increases
CSB processivity by decreasing the pausing prob-
ability during translocation. Our study, therefore, un-
covers the different steps of CSB-mediated chro-
matin remodeling that can be regulated by NAP1L1.

INTRODUCTION

ATP-dependent chromatin remodelers belong to the
SWI2/SNF2 ATPase family and are conserved from yeast
to humans (1–3). Some of these proteins have demonstrated
DNA- and nucleosome-stimulated ATP hydrolysis activi-
ties. The energy derived from ATP hydrolysis can be used
to alter DNA–histone or other DNA–protein contacts,
leading to changes in chromatin structure (3). Therefore,
these proteins play critical roles in regulating fundamental
nuclear processes, such as transcription and DNA repair
(3). Cockayne syndrome complementation group B protein
(CSB) is an ATP-dependent chromatin remodeler that is
essential for transcription-coupled DNA repair, a process
that preferentially removes bulky DNA lesions that stall
transcription, such as those created by UV irradiation
(4,5). ATP hydrolysis by CSB is essential for its localization
to sites of DNA lesion-stalled transcription, the first step
of transcription-coupled DNA repair, and chromatin
remodeling by CSB is critical for the efficient completion of
transcription-coupled DNA repair. CSB also plays critical
roles in transcription regulation and base excision DNA
repair, as well as other less well-characterized processes
(6–9).

In the absence of DNA lesions, CSB interacts dynami-
cally with DNA in cells. Using protein fractionation proce-
dures, it was shown that only ∼10% of CSB remains tightly
associated with chromatin, which is in strong contrast to
other well studied ATP-dependent chromatin remodelers,
such as BRG1 (10). However, upon UV-irradiation, ∼90%
of CSB co-fractionates with chromatin, which is consistent
with the observation that UV irradiation stabilizes CSB–
chromatin interactions at sites of DNA lesion-stalled tran-
scription (10,11). The dynamic CSB–DNA interaction has
been proposed to facilitate DNA scanning for DNA lesion-
stalled transcription (10,12).
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In addition to its DNA and nucleosome stimulated ATP
hydrolysis activities, CSB can alter the conformation of the
DNA duplex (13,14). In vitro assays have revealed that CSB
can actively wrap and unwrap DNA around itself (13). It
was suggested that this DNA wrapping and unwrapping ac-
tivities of CSB may account for CSB’s function in altering
DNA–protein interactions in cells (12,15,16). Biochemical
studies have also reported that CSB can facilitate the an-
nealing and exchange of single-stranded DNA, independent
of ATP hydrolysis (17).

CSB has been tested directly for its ability to alter nu-
cleosome structure (14,18). CSB was shown to alter nu-
cleosome structure in an ATP-dependent manner in vitro.
However, as revealed by restriction enzyme accessibility as-
says, CSB remodels nucleosomes with a maximal rate that is
10 times slower than that of the well-characterized human
ATP-dependent chromatin remodeling complex ACF (18).
Strikingly, in combination with its binding partners, NAP1-
like histone chaperones (NAP1L1 or NAP1L4), CSB re-
models nucleosomes with a maximal rate similar to that
of ACF (18). Most importantly, chromatin remodeling by
CSB and NAP1-like histone chaperones is critical for effi-
cient transcription-coupled DNA repair (18). Additionally,
the repositioning of nucleosomes in cells by CSB is associ-
ated with changes in gene expression. These as well as other
observations highlight the significance of ATP-dependent
nucleosome remodeling by CSB (8). However, the under-
lying mechanism by which CSB remodels chromatin and
how the NAP1-like histone chaperons enhance the remod-
eling activity of CSB remain unclear. In this study, we
used single-molecule techniques, including Fluorescence
Resonance Energy Transfer (FRET) and Protein Induced
Fluorescence Enhancement (PIFE) (19) to characterize, in
real time, CSB–DNA interactions, chromatin-remodeling
by CSB and the mechanisms by which NAP1L1 alters CSB’s
activities.

MATERIALS AND METHODS

DNA and nucleosome preparation

All DNA fragments used in this study were 228 bp in
length and contained the 601 nucleosome positioning se-
quence (Supplementary Figure S1). DNA fragments were
generated by PCR and purified from a 5% polyacrylamide
gel (20). Mononucleosomes were designed to have a 78-
bp spacer on the entry side and a 3-bp spacer on the exit
side. The internal-labeled Cy3 DNA was generated using a
primer with a Cy3 label at the 76th base and a biotin at the
5′ end. The end-labeled Cy3 DNA was generated using a
primer with a Cy3 label at the 5′ end and a second primer
containing biotin at the 5′ end. The DNA fragment used
to examine DNA distortion by CSB contained a FRET
pair, prepared using one primer labeled with Cy3 at the 5′
end, and a second primer labeled with Cy5 at the 76th base
and a biotin at the 5′ end. The singly labeled DNA frag-
ment used to examine the nucleosome remodeling activity
of CSB was generated using a primer end-labeled with Cy5
at the 5′ end and a second primer containing biotin at the 5′
end. Mononucleosomes containing Cy3-labeled H2A were
prepared as described (21). Mononucleosomes were recon-

stituted using salt gradient dialysis (21). DNA sequence is
shown in Supplementary Figure S1.

Protein expression, purification and labeling

N-terminally Flag-tagged CSB was expressed in SF9 cells
using the baculovirus overexpression system, as described
previously (18). N-terminally Flag-tagged NAP1L1 was
cloned into pET22b (Novagen) and overexpressed in
Rosetta 2(DE3) cells (Novagen). Both proteins were puri-
fied using anti-Flag affinity chromatography as previously
described (22). To prepare Cy3-labeled CSB, purified CSB
and Cy3 maleimide (GE healthcare) were mixed at a 1:3 mo-
lar ratio and incubated at 4◦C for 4.5 h. Unbound Cy3 was
removed using Amicon centrifugal filters with a MWCO of
3kDa (Millipore). After free Cy3 removal, the molar ratio
of CSB to Cy3 was determined to be about 1:1, indicating
the molar degree of the labeling efficiency was ∼100%.

Single molecule fluorescence experiments

Quartz slides and coverslips were cleaned with piranha so-
lution (mixture of 3:1 concentrated sulfuric acid:30% [v/v]
hydrogen peroxide solution), siliconized and coated with
PEG (m-PEG-5000, Laysan Bio) and biotin-PEG (biotin-
PEG-5000, Laysan Bio). A flow cell was assembled by
combining a cover slip and a quartz slide with double-
sided adhesive tape (3M). For convenient buffer exchange,
polyethylene tubes (PE50; Becton Dickinson) were con-
nected to the flow cell. DNA substrates were immobilized
on a PEGylated surface using biotin–streptavidin conju-
gation. Single-molecule experiments were performed in an
imaging buffer (12 mM HEPES pH 7.9, 10 mM Tris–HCl
pH 7.5, 60 mM KCl, 4 mM MgCl2, 3% glycerol) contain-
ing a gloxy oxygen scavenging system (a mixture of glucose
oxidase (1 mg/ml, Sigma), catalase (0.04 mg/ml, Sigma),
glucose (0.4% (w/v), Sigma), and Trolox (2 mM, Sigma)).
Cy3 and Cy5 were alternatively excited with 532 and 633
nm lasers using the ALEX (Alternative Laser EXcitation)
technique (23,24), and single-molecule fluorescence images
were synchronously taken with the excitation laser switch-
ing at a frame rate of 10 Hz using a home-built prism-type
total internal reflection fluorescence microscope equipped
with an electron-multiplying charge coupled device camera
(Ixon DV897; Andor Technology). Experimental tempera-
ture was maintained at 30◦C using a temperature control
system (Live Cell Instruments).

Analyses of single-molecule FRET and single-molecule PIFE
data

For experiments using doubly labeled DNA, only molecules
with both Cy3 and Cy5 were selected for data analysis,
which was facilitated by the ALEX technique (23,24). The
intensity traces of Cy3 and Cy5 were analyzed using a cus-
tom made Matlab (MathWorks) script. The FRET efficien-
cies were calculated from the donor (ID) and acceptor (IA)
fluorescence intensities as EFRET = IA/(IA + ID).

To develop single-molecule PIFE histograms, individual
traces were normalized to the protein-unbound intensity,
which is the averaged intensity during the first 20 s. Changes
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in PIFE were obtained by collecting data points of the entire
trace (∼2 min) after CSB or CSB/NAP1 injection. If pho-
tobleaching occurred during observation, data points after
photobleaching were removed from the analysis. In general,
photobleaching often occurs after ∼300 s, which is much
longer than the time interval of our PIFE data collection
(start at 20 s – stop at ∼ 120 s). The DNA distortion is de-
fined as FRET efficiency greater than 0.25. DNA-distortion
rate constants were calculated as 1/Tnd. Tnd is the time in
the non-distorted state, which is determined by fitting his-
tograms of cumulative dwell-time in the non-distorted state
to single-exponential decay functions. DNA-distortion re-
versal rate constants were calculated as 1/Td. Td is the time
in the distorted states, which is determined by fitting his-
tograms of cumulative dwell-time in the distorted state to
single-exponential decay functions.

RESULTS

CSB interacts with DNA in two principle ways

To monitor CSB–DNA interactions at the singe-molecule
level, we employed PIFE assays (19). A 228-bp DNA frag-
ment singly labeled with Cy3 at positions 76 or 228 (Supple-
mentary Figure S1) was immobilized on a polyethylene gly-
col coated (PEGylated) quartz surface (Figure 1A). Purified
CSB (Supplementary Figure S2) was injected into the de-
tection chamber, and single-molecule fluorescence imaging
was performed in real time. As soon as CSB was injected,
a nearly instantaneous increase in the Cy3 signal was de-
tected, a phenomenon called PIFE (Figure 1B and C) (19).
PIFE was observed for almost 100% of the traces when CSB
was mixed with either internal-labeled or end-labeled DNA
substrates, revealing that CSB binds to internal and end po-
sitions equally well. Although the amplitude of the PIFE
signals generated by internal binding were slightly greater
than end binding, this was likely due to the different label-
ing methods: Cy3 was attached to the 5′ phosphate at the
end position and Cy3 was attached to the base at the inter-
nal site.

We next determined if ATP binding or hydrolysis altered
CSB-induced PIFE. Changes in PIFE were determined by
first normalizing fluorescence intensity after protein injec-
tion to the average intensity of the first 20 s before injection.
We then generated PIFE histograms using all data points of
the entire trace after protein injection (Figure 1D and E).
At a saturating concentration (1 mM) of ATP or ATP�S (a
non-hydrolyzable ATP analog), the PIFE distributions ap-
peared similar to that of CSB alone (Figure 1D and E), indi-
cating that the interaction between CSB and DNA revealed
by PIFE is largely ATP-independent.

CSB has been suggested to actively wrap and unwrap
DNA, and this activity was suggested to alter DNA–protein
interactions (13). To test if CSB could alter DNA conforma-
tion, we employed single molecule FRET assays (25), using
a 228-bp DNA fragment that contained a Cy3–Cy5 FRET
pair located at positions 228 and 76, respectively (Figure
2A and Supplementary Figure S1). Shown in Figure 2B
are examples of the fluorescence traces. Individual Cy3 and
Cy5 signal intensities are shown in the top trace, and FRET
signals are shown in the lower trace. We detected frequent
FRET signals after adding CSB, and Cy3-PIFE was again

seen for almost 100% of the traces. This increase in FRET
after CSB addition indicates a shortening of the distance be-
tween the Cy3 and Cy5 fluorophores resulting from CSB–
DNA interactions. We refer to this increase in FRET as
CSB-induced gross DNA distortion. Together, our results
indicate at least two types of CSB–DNA interactions occur
in the absence of ATP: a rapid binding of CSB to DNA, as
revealed by PIFE, and occasional gross DNA distortion, as
revealed by FRET.

We then sought to determine the rate at which the gross
DNA distortion and DNA distortion reversal occurred, and
whether or not these processes were ATP dependent. We
first calculated the cumulative time each DNA molecule
remained in the non-distorted state during the entire ob-
servation time (Tnd). DNA-distortion rate constants were
then calculated as 1/Tnd. As shown in Figure 2C and Sup-
plementary Figure S3, the inclusion of ATP in the reac-
tion decreased the rate of DNA distortion by CSB, whereas
ATP�S had little or no effect. We also determined the rate
constant for gross DNA distortion reversal, which was cal-
culated as 1/Td, where Td represents the duration in the
distorted state. As shown in Figure 2D and Supplementary
Figure S3, ATP and ATP�S had little or no effect on the
rate of DNA distortion reversal. Together, these results in-
dicate that ATP hydrolysis by CSB reduces the propensity
of CSB to distort DNA.

NAP1L1 reduces CSB–DNA interactions and leads to more
ordered CSB–DNA binding and release events

We next studied the effects of NAP1L1 on CSB–DNA in-
teractions. For these experiments, CSB and NAP1L1 were
mixed at a molar ratio of 1 to 2, respectively, for 2 min before
being injected into the detection chamber, which already
contained DNA dual-labeled with Cy3 and Cy5. In strong
contrast to CSB alone (Figure 2B), CSB and NAP1L1 to-
gether induced rare and brief PIFE and no FRET dur-
ing the first 100 seconds after protein injection (Figure
3A). Notably, PIFE induced by CSB/NAP1L1 displayed
well-defined borders, likely indicating better-defined DNA-
binding and release events, in strong contrast to CSB alone.
In addition, NAP1L1 alone did not generate PIFE sig-
nals (data not shown). Moreover, in contrast to CSB alone,
which showed PIFE for ∼100% of the traces, in the pres-
ence of NAP1L1, the number of traces that showed any
PIFE within a 2-min observation window decreased to 50–
60%, indicating that NAP1L1 decreased the interaction of
CSB with naked DNA. To determine the fraction of time
that CSB or CSB/NAP1L1 remained near the fluorophores,
we calculated the cumulative time for signals showing PIFE
>2.0 of normalized intensity divided by the total observa-
tion time (∼2 min). As shown in Figure 3B, the presence of
NAP1L1 shortened the time fraction CSB stayed near the
fluorophore by ∼80%, suggesting that NAP1L1 also pro-
motes the dissociation of CSB from DNA. Neither ATP nor
ATP�S affected the activity of NAP1L1 on the CSB–DNA
interaction (Figure 3B). Similar effects were observed when
singly labeled DNA substrates were used (Supplementary
Figure S4).

To gain more insight into the nature of the CSB–DNA
interaction and how NAP1L1 alters that interaction, we
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Figure 1. CSB–DNA interactions revealed by single-molecule PIFE. (A) Experimental scheme. A 228-bp, biotinylated DNA fragment labeled with Cy3
either at the internal nucleotide position 76 or at the end position 228 was immobilized to biotinylated PEG using streptavidin (small green stars). The
binding of CSB in the vicinity of the Cy3 fluorophore can lead to PIFE (large green stars). (B and C) Binding reactions were initiated by injecting 33 nM
CSB into the detection chamber at 20 s (dashed line). (B) Shown is a representative time trace using internal-labeled Cy3. (C) Same as in (B) except the
DNA is end-labeled with Cy3. (D and E) PIFE distributions in the presence of ATP and ATP�S. CSB was used at 33 nM. ATP and ATP�S were used at 1
mM. Data for the histograms were generated from the cumulative Cy3 signals over the entire observation time normalized to the average Cy3 intensity of
the first 20 s, before protein injection. Small changes in PIFE observed in the absence of protein (gray strips) were due to buffer exchange. (D) Internal-Cy3
DNA substrate and (E) end-Cy3 DNA substrate.
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Figure 2. CSB–DNA interactions revealed by single molecule PIFE and FRET. (A) Experimental scheme. A 228-bp, biotinylated DNA fragment labeled
with a FRET donor (Cy3, small green star) and acceptor (Cy5, small red star) was immobilized to biotinylated PEG using streptavidin. The binding of
CSB in the vicinity of the Cy3 fluorophore can lead to PIFE (large green star). Additionally, if the interaction of CSB with DNA brings the Cy3 and Cy5
fluorophores close together, FRET will be detected (large red star). The asterisk indicates that the number of CSB molecules needed to induce FRET is
unknown. (B) Representative time traces. Binding reactions were initiated by adding 33 nM CSB into the detection chamber at 20 s (dashed line). PIFE
and FRET signals were observed simultaneously. (Top) Fluorescence intensities of Cy3 (green, ICy3) and Cy5 (red, ICy5). An increase in ICy3 after protein
injection is the result of PIFE. An increase in ICy5 is the result of FRET. (Bottom) The sum of ICy3 and ICy5 was normalized to the average of the sum
before CSB injection. FRET efficiencies (EFRET) = ICy5/(ICy3 + ICy5,). The threshold for a positive FRET event was set at 0.25 (highlighted in orange).
(C and D) Effects of ATP on CSB–DNA interactions. CSB was used at 33 nM. ATP and ATP�S were used at 1 mM. DNA distortion and distortion
reversal rate constants were derived from data shown in Supplementary Figure S3. (C) DNA-distortion rate constants were calculated as 1/Tnd, where Tnd
= duration in the non-distorted state. (D) Distortion reversal rate constants were calculated as 1/Td, where Td = duration in the distorted state. Error bars
represent curve fitting errors. One-sample t-tests with equal variance were used to calculate P-values, as shown above the plots.
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Figure 3. Effect of NAP1L1 on CSB–DNA interactions. (A) Representative time trace showing the interaction of CSB with DNA in the presence of
NAP1L1. 33 nM of CSB was incubated with 66 nM of NAP1L1 in imaging buffer for 2 minute and then injected into the detection chamber at 20 s, as
indicated by the dashed line. Only rare and transient increases in PIFE and no changes in FRET values were observed for the first 100 seconds after CSB
and NAP1L1 addition. (B) The fraction of time that CSB or CSB/NAP1L1 was in the DNA-bound state (defined as >2-fold normalized PIFE intensity,
which is the sum of Cy3 and Cy5 intensities for the first 100 s after protein injection divided by the average intensity for the first 20 s before protein injection).
ATP and ATP�S were used at 1 mM. Error bars represent standard deviation from two experiments and each with 60 molecules.

directly monitored CSB–DNA interactions in real time,
by imaging fluorescence signals after injecting Cy3-labeled
CSB into the detection chamber, which already contained
Cy5 end-labeled DNA (Figure 4). Due to high background,
the experiments were performed at a relatively low CSB con-
centration (<10 nM). After CSB injection, we observed a
gradual increase in the Cy3 signal, indicating that multi-
ple CSB molecules associated with the DNA fragment over
time (Figure 4A). To understand if NAP1L1 alters this be-
havior, we monitored DNA binding of Cy3-labeled CSB in
the presence of NAP1L1. As shown in Figure 4B, the Cy3
signal in the presence of NAP1L1 was, in general, lower and
more uniform in intensity than in the absence of NAP1L1,
and a gradual increase in the Cy3 signal was not observed.
Furthermore, in the presence of NAP1L1, the Cy3 signals
again displayed better-defined borders (bound versus non-
bound states).

To capture fluorescence images of Cy3–CSB bound to
DNA in the presence or absence of NAP1L1, we incu-
bated Cy3–CSB or Cy3-CSB and NAP1L1 with DNA for
2 min and then removed unbound proteins from the detec-
tion chamber. When DNA was incubated with Cy3–CSB
alone, spots of high Cy3 intensity were observed, likely rep-
resenting multiple CSB molecules binding to DNA (Figure
4C, left). However, when DNA was incubated with both
Cy3–CSB and NAP1L1, the number of spots with high
Cy3-intensity was substantially reduced (Figure 4C, right).
These results suggest that CSB may have a tendency to mul-
timerize on a DNA fragment, and that NAP1L1 decreases
the tendency for this to happen.

Nucleosome remodeling by CSB contains an activation phase

We next used FRET to study the nucleosome remodeling
activity of CSB at single-molecule resolution. To accom-
plish this, we applied the experimental design developed
for studying the human remodeling complex ACF (26).
For these assays, the nucleosomal core DNA contained the

601 positioning sequence, and this was flanked by a 78-bp
spacer on the entry side and a 3-bp spacer on the exit side.
For FRET measurements, histone H2A was labeled with
Cy3 and the DNA was labeled with Cy5 on the exit side
(Figure 5A). Because there are two copies of histone H2A
in a nucleosome, heterogeneous populations of Cy3 labeling
are expected. For data analysis, we only used nucleosomes
that contained a single Cy3 on the H2A proximal to the Cy5
on the exit side of the DNA, which exhibited a FRET effi-
ciency of ∼0.73 before remodeling (Supplementary Figure
S5). The labeled nucleosome and DNA did not compromise
the remodeling activity of CSB, as reveled by native poly-
acrylamide gel electrophoresis (Supplementary Figure S6).

For the single-molecule FRET experiments, Cy3/Cy5-
labeled mononucleosomes were immobilized on a PEGy-
lated quartz surface and then incubated with CSB or CSB
plus NAP1L1 for 2 minutes. The remodeling reaction was
initiated by injecting imaging buffer containing ATP into
the detection chamber (Figure 5A). Representative FRET
traces displaying nucleosome remodeling are shown in Fig-
ure 5B and C. As shown in Figure 5B, decreased FRET
efficiency was observed after the addition of ATP, indicat-
ing an increase in distance between the Cy3 and Cy5 flu-
orophores. Interestingly, the decrease in FRET efficiency
did not occur immediately but with a time delay (Ta) af-
ter ATP injection, suggesting that nucleosome remodeling
by CSB and CSB/NAP1L1 requires an activation process.
After the initiation of nucleosome remodeling, the FRET
signal decreased to background levels in seconds (Ts). Oc-
casionally, the decrease occurred in two or more phases that
were separated by a long pause (Tp), as observed by an in-
termediate FRET signal (Figure 5C). Changes in FRET
were not observed using the non-hydrolyzable ATP ana-
log ATP�S, indicating that the events were dependent upon
ATP-hydrolysis by CSB (data no shown). The decrease in
scored FRET events were always accompanied by increased
Cy3 signals, arguing against the possibility that the FRET
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Figure 4. Direct visualization of CSB–DNA complexes. A 228-bp DNA fragment was end-labeled with Cy5 and immobilized to biotinylated PEG using
streptavidin. Cy3-labeled CSB was then injected into the detection chamber and binding events were imaged. (A) Representative time traces of Cy3 fluo-
rescence intensity after injection of Cy3-labeled CSB at 20 s (dashed line). In the experimental condition, the fluorescence intensity of a single Cy3 dye was
about 250–300 a.u. (B) Representative time traces of Cy3 fluorescence intensity after injection of Cy3-labeled CSB and unlabeled NAP1L1 at 20 s (dashed
line). (C) Fluorescence images of Cy3–CSB bound to DNA in the absence (left) or presence (right) of NAP1L1. Unbound proteins were washed out of the
detection chamber before imaging.
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Figure 5. Nucleosome remodeling by CSB and NAP1L1 revealed by single-molecule FRET. (A) Single molecule measurement scheme for nucleosome
remodeling by CSB and NAP1L1. The nucleosome had a 3 bp linker on the exit side and a 78 bp linker on the entry side. The nucleosome was labeled
with a FRET donor (Cy3, green) on histone H2A (residue 120) and a FRET acceptor (Cy5, red) on the exit side of the DNA. FRET is observed when the
donor and acceptor are close together (large red star). An increase in the distance between the FRET probes will result in a decrease in FRET intensity
(small red circle). (B and C) Representative fluorescence intensity and corresponding FRET traces displaying nucleosome remodeling by 75 nM CSB and
300 nM NAP1L1. ATP (1 mM) was added into the detection chamber at 5 seconds (dashed line). (B) Remodeling without a pause. Activation time (Ta)
indicates the time lapse between ATP injection and the first decrease in the FRET efficiency. The translocation time (Ts) indicates the duration of the first
decrease in FRET efficiency (dashed box). (C) Remodeling with a pause. The pause dwell time (Tp) indicates the lifetime of the lower FRET state after the
first decrease in FRET efficiency. Ta and Ts are defined as in (B).
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decrease was due to loss of histone H2A–H2B or photo-
bleaching. The decrease in FRET, as shown in Figure 5,
could be due to DNA ‘peeling’ off the exit site of the nu-
cleosome. To demonstrate further that CSB can catalyze
the translocation of DNA around the histone octamer, we
moved the Cy5 probe from the exit site of the DNA to
a position near the entry site of the nucleosome (position
68) (Supplementary Figure S7A), as described previously
(26,27). If DNA were simply peeled away from the nucleo-
some at the entry site, then we expect to detect a decrease in
FRET signals after adding CSB and ATP. However, when
mixing CSB with this nucleosomal substrate, we observed
increased FRET signals (Supplementary Figure S7B, ar-
rows), supporting the notion that CSB can change the trans-
lational positions of a nucleosome. Furthermore, we ob-
served oscillation of the FRET signal (e.g. Supplementary
Figure S7B, lower panel, between 70 and 80 s), likely rep-
resenting CSB-induced bi-directional movement of the his-
tone octamer on the DNA.

NAP1L1 alters multiple steps of CSB-mediated nucleosome
remodeling

To determine if NAP1L1 alters the nucleosome remodel-
ing activity of CSB, we quantified the activation rate con-
stant, the translocation rate constant, the pause time, the
pause frequency and the distribution of FRET values dur-
ing the first nucleosome translocation event in the presence
of a saturating amount of ATP (1 mM) (Figure 6 and Sup-
plementary Figure S8). Of note, no change in FRET was
observed when NAP1L1 was incubated with nucleosomes
in the presence of ATP (data not shown). Determination of
the translocation rate constant was based on the calibration
data shown in Supplementary Figure S9 (26). It has been
shown that FRET is sensitive enough to detect movement
as small as 1 bp (27). Excitingly, we found that NAP1L1 al-
tered multiple steps of CSB-mediated nucleosome remod-
eling. First, NAP1L1 significantly increased the activation
rate as well as the translocation rate of CSB (Figure 6A
and B). Second, NAP1L1 did not change the duration of
the translocation pauses (Figure 6C) but decreased the fre-
quency of pauses during CSB remodeling (Figure 6D). We
also examined the FRET distributions at the end of the first
translocation event before pausing. After plotting the data
as a histogram and fitting the data to a Gaussian distribu-
tion, we found that the peak FRET value, which was 0.73
before remodeling, dropped to ∼0.4 for CSB and ∼0.3 for
CSB/NAP1L1 after remodeling (Figure 6E). These FRET
values correspond to 4.7-bp and 5.9-bp translocation steps,
respectively, indicating that, in the presence of NAP1L1,
CSB can move the histone octamer along DNA further, be-
fore reaching the first paused state. This observation sup-
ports the notion that NAP1L1 decreases pausing during
nucleosome remodeling by CSB. Furthermore, in the pres-
ence of NAP1L1, CSB displayed a narrower distribution
of FRET values with a width of 2-bp, as compared to 4.5-
bp for CSB alone, indicating that CSB generates more ho-
mogenous remodeled products in the presence of NAP1L1,
consistent with results obtained from previous population-
based remodeling assays (18).

DISCUSSION

The results of this study provide new insights into how CSB
interacts with DNA and remodels nucleosomes, and how
NAP1L1 alters these processes. Using single-molecule fluo-
rescence approaches, we found that CSB readily binds DNA
independently of ATP and without preference for DNA
ends or internal sites (Figures 1, 2 and 4). Strikingly, the
CSB-interacting histone chaperone, NAP1L1, decreases the
binding of CSB to DNA and also promotes the dissociation
of DNA-bound CSB (Figures 3 and 4, Supplementary Fig-
ure S4). Previously, we demonstrated that the association
of CSB with chromatin is dynamic during replicative cell
growth and proposed that this dynamic association allows
CSB to efficiently scan chromatin for DNA lesion-stalled
transcription (10). The results presented here suggest that
NAP1L1 may function, in part, to help maintain dynamic
CSB–DNA interactions to promote chromatin scanning for
its preferred substrates, such as DNA-lesion stalled tran-
scription.

Occasionally, the binding of CSB to DNA leads to a gross
distortion of the DNA (Figure 2). Interestingly, unlike the
simple DNA interaction described above, this CSB-induced
DNA distortion was decreased through ATP hydrolysis by
CSB (Figure 2B), which was similar to results obtained from
studying CSB–DNA association using scanning force mi-
croscopy. In that study, Beerens et al. (13) observed a short-
ening of contour length of circular DNA upon CSB bind-
ing, presumably due to DNA wrapping, and ATP hydrolysis
by CSB promoted DNA unwrapping (13). It was suggested
that this DNA wrapping and unwrapping activities of CSB
may account for CSB’s function in altering DNA–protein
interaction in cells (13). By directly visualizing the interac-
tion of Cy3-labeled CSB with DNA, we found that multiple
CSB molecules can occupy a single DNA fragment and that
NAP1L1 decreases such occupancy (Figure 4). We do not
yet know if this multimerization is promoted by direct CSB-
CSB interactions. Whether or not the DNA distortion that
we observed is dependent upon the binding of more than
one CSB molecule remains to be determined.

Our single-molecule assays revealed that nucleosome re-
modeling by CSB, like the human ACF remodeling com-
plex, contains three distinct steps: activation, translocation
and translocation pausing (26). Furthermore, preliminary
observations indicate that CSB can diffuse along DNA, and
that ATP may enhance this activity two-fold (Jong-Bong
Lee, personal communication). This ATP-dependent DNA
translocase activity of CSB may underlie its nucleosome re-
modeling activity, as has been proposed for the ISWI re-
modeler (28), or may be critical to other CSB functions that
await to be determined. The activation step and transloca-
tion pause are two critical rate-determining steps for nucleo-
some remodeling by CSB, as translocation without pausing
occurs rapidly. Our data indicate that CSB appears to have
a translocation rate of ∼2 bp/s, similar to that of ACF (Fig-
ure 6B, D and E) (26). However, one major difference is that
ACF is much more processive than CSB, as the transloca-
tion pauses by ACF were only observed at sub-saturating
ATP concentrations, while the translocation pauses that we
observed for CSB occurred in the presence of a saturating
ATP concentration (1 mM). This difference may reflect fun-
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Figure 6. Comparison of chromatin remodeling by CSB in the presence and absence of NAP1L1. (A and B) Quantification of nucleosome remodeling
parameters using 75 nM CSB alone or in the presence of 300 nM NAP1L1 and 1 mM ATP. The rates were obtained from the data shown in Supplementary
Figures S8. Error bars indicate curve-fitting errors. (A) Rate constants of activation (1/Ta, where Ta is the time required for the first FRET change). One-
sample t-tests with equal variance yielded a P-value of 0.004. (B) Translocation rate. To obtain the translocation rate, calibration data in Supplementary
Figure S9 were used to convert the FRET change (�E) for the first remodeling event to the translocation length, which was then divided by the time
duration of the FRET change (Ts). One-sample t-tests with equal variance yielded a P-value of 0.003. (C) The pause dwell time (Tp), which indicates the
lifetime of the lower FRET state after the first translocation. One-sample t-tests with equal variance yielded a P-value of 0.6. (D) Pause frequency. Shown
are means ± SEM (n = 58 for CSB and n = 61 for CSB/NAP1L1). (E) The distribution of FRET values during the first nucleosome translocation. The
data were fit to a single Gaussian function. The resulting center FRET values for CSB and CSB/NAP1 were determined to be 0.4 and 0.3 with standard
deviations of 0.32 and 0.14, respectively.

damental differences in biological functions of CSB and
ACF. For example, CSB may only need to move nucleo-
somes over short distances for efficient DNA repair and
transcription regulation, while ACF may need to move nu-
cleosomes over a greater distance for efficient nucleosome
spacing. Indeed, we have demonstrated that CSB can repo-
sition nucleosomes locally, near its binding site in cells, as
revealed by ChIP-qPCR and MNase-qPCR. Furthermore,
these changes in nucleosome position correlate well with
changes in gene expression (8). Moreover, chromatin re-

modeling by CSB is required for step(s) subsequent to DNA
lesion recognition (18). This activity may be important for
creating an epigenetic landscape for more efficient DNA re-
pair and/or transcription resumption after repair; such al-
terations could involve DNA interactions with both histone
and non-histone protein, such as RNA polymerase II.

Previously, we showed that NAP1L1 interacts with CSB
and enhances the rate at which CSB exposes a nucleoso-
mal site by 10-fold, using restriction enzyme accessibility
assays (18). Our single molecule experiments revealed that
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NAP1L1 impacts nucleosome remodeling by CSB at mul-
tiple steps of the remodeling process, increasing the rate of
activation and translocation by about 2-fold (Figure 6A and
B). Significantly, NAP1L1 also makes CSB more processive
by decreasing the frequency of translocation pauses (Figure
6D and E). In an earlier study, using bulk nucleosome re-
modeling assays, we found that CSB generated multiple re-
modeled products containing histone octamers at different
translational positions and that NAP1L1 facilitated CSB
to generate more homogenous remodeled products (18), a
phenomenon we also observed here using single molecule
approaches (Figure 6E).

We would like to propose that NAP1L1 enhances chro-
matin remodeling by CSB, in part, by decreasing non-
productive chromatin associations. This hypothesis is born
out of our observation (Figures 3 and 4) that the associa-
tion of CSB with DNA, as revealed by PIFE and FRET, is
largely relieved by NAP1L1 (Figures 3 and 4). By decreasing
non-productive chromatin associations, the NAP1 chaper-
ones would allow CSB to sample chromatin more efficiently
to find its preferred substrates, such as DNA-lesion stalled
transcription. The non-productive association of CSB with
DNA might also create a barrier that could impede nucleo-
some remodeling. The yeast Nap1 protein has been shown
to play a similar role with histone proteins, countering non-
productive histone–DNA interactions during nucleosome
assembly (29). This is accomplished by reversing interac-
tions between H2A–H2B dimers and DNA (29). In addition
to the role of human NAP1-like proteins in regulating his-
tone dynamics, human NAP1 also regulate the binding of
the CENP-B protein to its cognate CENP-B box in DNA
by preventing the nonspecific binding of CENP-B to nucle-
osomes (30). In this context, our results indicate that NAP1-
like proteins can interact with a chromatin remodeler to de-
crease non-productive DNA and nucleosome associations
as well.

Together, our study provides novel insights into how CSB
interacts with DNA and remodels nucleosomes, and how
NAP1L1 alters these processes to facilitate nucleosome re-
modeling. It remains to be determined at mechanistic lev-
els how NAP1L1 shortens the activation step, enhances the
translocation step and decreases pausing, and how CSB
uses its specific nucleosome remodeling strategy to effi-
ciently carry out its biological functions in DNA repair and
transcription, as well as other processes in which it has been
implicated to function.
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