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The SWI/SNF and RSC family of ATP-dependent chromatin remodelers disassembles nucleosomes by moving nucleosomes into
the vicinity of adjoining nucleosomes. We found that the histone chaperone Nap1 efficiently promotes disassembly of adjacent
nucleosomes with which RSC collides and not the disassembly of nucleosomes mobilized by RSC. Nap1 is specific to RSC, as it
does not target SWI/SNF, its paralog in Saccharomyces cerevisiae. Extensive mutational analysis of Nap1 has revealed that Nap1
affinity for histones H2A-H2B and H3-H4 and its ability to displace histones from DNA are required for Nap1 to enhance RSC-
mediated disassembly. Other histone chaperones, such as Vps75, that also bind histones are not able to enhance RSC-mediated
disassembly. Our study suggests a mechanism by which Nap1 is recruited to actively transcribed regions and assists in the pas-
sage of the transcription complex through chromatin, and it provides a novel mechanism for the coordinated action of RSC and
Nap1.

Nucleosomes, the building blocks of chromatin, consist of a
central octameric core formed from two copies of each of the

core histone proteins (H2A, H2B, H3, and H4) wrapped nearly
twice with approximately 147 bp of DNA. The core of one nucleo-
some is separated from the adjacent nucleosome via a segment of
linker DNA. Nucleosomes are stable in vitro but are rapidly ex-
changed in vivo independent of DNA replication. Nucleosome
exchange is mediated by chromatin remodelers and histone chap-
erones (1–3). Several histone chaperones contribute to nucleo-
some assembly and disassembly; however, it is not clear how
nucleosomes are turned over and what determines the balance
between nucleosome assembly and disassembly. ATP-dependent
chromatin remodelers are also involved in the assembly and dis-
assembly of nucleosomes. The chromatin-remodeling complex
RSF assembles nucleosomes without additional factors, whereas
the chromatin-remodeling complex ACF organizes prenucleo-
somes that have been deposited onto DNA by the histone chaper-
one Nap1 (4–7). In contrast, the SWI/SNF family of chromatin
remodelers disassembles nucleosomes from chromatin (8).

We have previously shown that efficient nucleosome disassem-
bly by the RSC and SWI/SNF complexes requires a minimum of
two contiguous nucleosomes but that only one of these two
nucleosomes is displaced (9, 10). SWI/SNF and RSC mobilize one
nucleosome, with the adjacent nucleosome being displaced when
the mobilized nucleosome moves into its vicinity. Although sev-
eral studies have uncovered potential mechanistic synergy be-
tween histone chaperones and ATP-dependent chromatin re-
modelers in destabilizing and disassembling chromatin (11–14),
the details of these mechanisms are unclear.

Nap1 was first identified as a factor from mammalian HeLa cell
extract that assists in nucleosome assembly in vitro (15). Nap1 is
highly conserved among eukaryotes, and Nap1 knockouts result
in embryonic lethality in Drosophila and mouse (16, 17). In Sac-
charomyces cerevisiae, loss of Nap1 alters the expression of 10% of
its genes (18), and Nap1 is implicated in cell cycle and transcrip-
tion regulation, exchange of histone variants, chromatin assem-

bly, and promotion of nucleosome sliding. Nap1 is thought to be
primarily an H2A-H2B chaperone but can also bind H3-H4 het-
erotetramers and the linker histone H1 (19–23).

The crystal structure of Nap1 shows a signature fold composed
of �-helices and �-strands with a long �2 helix mediating ho-
modimerization (24). The dimer has an overall ellipsoidal shape
with a negatively charged surface responsible for histone binding
(25). Nap1 competes for H2A-H2B binding to DNA in vitro, yet
Nap1 cannot recognize the surface of H2A-H2B in canonical
nucleosomes because of shielding by DNA. Consequently, it is not
known how Nap1 gains access to H2A-H2B in order to disassem-
ble nucleosomes.

Nap1 appears to work in conjunction with ATP-dependent
chromatin remodelers, such as Chd1 and RSC, in regulating chro-
matin organization. In Schizosaccharomyces pombe cells, Nap1
works cooperatively with Chd1 to disassemble nucleosomes in
promoter regions (26). Nap1, when in high concentration, has
also been suggested to act in concert with RSC to disassemble
mononucleosomes in vitro (13). Other data suggest that Nap1
evicts H2A-H2B from mononucleosomes when remodeled by
RSC (14).

We find that Nap1, at relatively low concentrations, enhances
RSC-mediated nucleosome disassembly of dinucleosomes, but

Received 31 March 2016 Returned for modification 26 April 2016
Accepted 1 June 2016

Accepted manuscript posted online 6 June 2016

Citation Prasad R, D’Arcy S, Hada A, Luger K, Bartholomew B. 2016. Coordinated
action of Nap1 and RSC in disassembly of tandem nucleosomes. Mol Cell Biol
36:2262–2271. doi:10.1128/MCB.00195-16.

Address correspondence to Blaine Bartholomew,
bbartholomew@mdanderson.org.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.00195-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

2262 mcb.asm.org September 2016 Volume 36 Number 17Molecular and Cellular Biology

http://dx.doi.org/10.1128/MCB.00195-16
http://dx.doi.org/10.1128/MCB.00195-16
http://dx.doi.org/10.1128/MCB.00195-16
http://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00195-16&domain=pdf&date_stamp=2016-6-6
http://mcb.asm.org


not mononucleosomes, by a mechanism unrelated to an increased
rate of ATP hydrolysis or nucleosome movement by RSC. Instead,
we find that Nap1 influences later steps in the movement of the
adjacent nucleosome. The region of Nap1 critical for this activity
is the region previously shown to bind to H2A-H2B and/or to
facilitate its competition from DNA The competition between his-
tone binding to Nap1 or DNA appears to be critical for Nap1 to
enhance RSC-mediated nucleosome disassembly. Finally, the co-
ordinated action between Nap1 and RSC is specific, as this func-
tion cannot be replaced by either the Nap1 homolog Vps75 or the
chromatin remodeler SWI/SNF.

MATERIALS AND METHODS
Purification of RSC-FLAG, His-Nap1, other chaperones, yeast histones,
and octamer. The RSC remodeling complex was purified from S. cerevi-
siae (YNC001) using C-terminally FLAG-tagged Rsc2 and an anti-FLAG
immunoaffinity purification procedure (27). Briefly, 60 liters of yeast cells
were grown to an optical density at 600 nm (OD600) of �5 and harvested
at 4,000 rpm for 10 min. The cell pellet was washed with water and extrac-
tion buffer and frozen with liquid nitrogen into spaghetti. The yeast spa-
ghetti was ground to fine powder using a Spex grinding mill, buffer was
added and stirred, and the supernatant was collected after centrifugation
at 100,000 � g. An extract was incubated with anti-FLAG M2–agarose
beads (Sigma-Aldrich) overnight at 4°C with mixing. After several rounds
of washing, the protein was eluted in buffer containing 1 mg/ml FLAG
peptide. The expression plasmid for N-terminally 6�His-tagged yeast
Nap1 was kindly provided by Toshio Tsukiyama. Nap1 was overexpressed
in Escherichia coli by induction at an OD600 of �0.2 with IPTG (isopropyl-
�-D-thiogalactopyranoside). Purification was performed using Ni-nitri-
lotriacetic acid (NTA) resin and 250 mM imidazole for elution. The pro-
tein fractions were dialyzed twice for 2 h each time before changing the
buffer. Fractions were then dialyzed overnight against the same elution
buffer containing 10% glycerol rather than imidazole. Nap1 mutants were
in a cysteine mutant background (C200A, C249A, and C272A) and were
purified as described previously (25). Vps75 was purified as described
previously (28). Purified recombinant MCM2 protein was kindly pro-
vided by Dinshaw Patel’s laboratory at Memorial Sloan Kettering Cancer
Center. Recombinant yeast histones H2A, H2B, H3, and H4 were purified
as described previously (29) and refolded into octamers by dialysis prior
to purification by gel filtration using Superdex 200 (GE; prep grade). For
site-directed mapping experiments, H2B with cysteine at residue 53 was
generated by site-directed mutagenesis. H2B histones containing cysteine
were combined with other wild-type (WT) histones. Importantly, the
native cysteine residue H3-110 had previously been mutated to alanine,
and thus, H2B S53C was the sole cysteine residue present in all four his-
tones.

Nucleosome reconstitution. Mononucleosomes (29N59) were as-
sembled with 235-bp DNA containing the 601 positioning sequence
flanked by 29 and 59 bp of extranucleosomal DNA. Dinucleosomes [40-
N(601)-31-N(603)-6] were assembled using a 371-bp DNA fragment
containing the 601 and 603 positioning sequences separated by a 31-bp
intervening sequence, 40 bp of flanking DNA at the 601 end, and 6 bp of
flanking DNA at the 603 end. Within the 40 bp of flanking DNA, a single
Gal4 site was positioned 23 bp from the nucleosome. DNA for mono- and
dinucleosomes was prepared by PCR from p159-1Gal4-27 and p159-
1Gal4-27-601-603 plasmid DNA templates, respectively, followed by phe-
nol-chloroform extraction and ethanol precipitation. The DNA was fur-
ther purified by ultracentrifugation with an Amicon 30K centrifugal filter
unit (27). Nucleosomes were assembled by the rapid salt dilution method
(2 M to 190 mM NaCl) at 25°C, using WT yeast histone octamers, and
analyzed on 4% (35.4:1 acrylamide to bisacrylamide) native gels (29).
Dinucleosomes for mapping histone-DNA contacts were assembled as
described previously using recombinant Xenopus laevis histones (27).

Binding assay. A 100-bp DNA fragment was generated by PCR am-
plification from plasmid p199 and purified with a PCR cleanup kit (VWR)
before being used for binding and ATPase assays. WT yeast dinucleo-
somes [40-N(601)-31-N(603)-6] or 20 nM 100-bp DNA was used as the
substrate. RSC was titrated from 5 to 40 nM to define saturated binding
conditions for remodeling and ATP hydrolysis experiments with Nap1.
For binding, Nap1 was titrated from 30 nM to 9 �M. DNA or dinucleo-
somes, RSC, and varying amounts of Nap1 were added together, incu-
bated at 30°C for 15 min, loaded on 4% native PAGE gels (79:1 acrylamide
to bisacrylamide) that ran at 200 V in 0.5� Tris-borate-EDTA (TBE).
Reaction mixtures contained 20 mM HEPES-NaOH (pH 7.8), 3 mM
MgCl2, 6% (vol/vol) glycerol, 70 mM NaCl, and 0.1 mg/ml bovine serum
albumin (BSA). The mixture for the reciprocal experiment, using a fixed
amount of Nap1 and varying amounts of RSC, contained 20 nM 100-bp
DNA, 300 nM Nap1, with 5 to 40 nM RSC added. Gel images were quan-
tified using Optiquant software, and the percentage of DNA or dinucleo-
somes bound was plotted against either the fold molar excess of Nap1 or
the concentration of RSC. Binding curves were generated in GraphPad
(Prism) and fitted to a single-site binding model.

Remodeling time course. Reaction mixtures contained 20 nM di-
nucleosomes, 20 nM RSC, 300 nM Nap1 (WT or mutant), and 55 �M
ATP. At each time point, 1 �l of a stop mixture containing 5 �g sheared
salmon sperm DNA and 5 mM EDTA was added to 15 �l of the reaction
mixture. For consistency, after stopping the reaction, 300 nM Nap1 was
added to the reaction mixtures lacking Nap1. Samples were analyzed on a
4% native gel (35.4:1 acrylamide to bisacrylamide). Disappearance of the
original nucleosomal band or appearance of remodeled species II over
time was plotted using GraphPad (Prism). The data were fitted to a one-
phase exponential association using GraphPad (Prism).

ATPase assay. The rate of ATP hydrolysis was determined under sat-
urating conditions for either RSC or DNA. ATPase assays with saturating
amounts of DNA contained 4 nM RSC and 20 nM 100-bp DNA; reactions
with saturating amounts of enzyme contained 40 nM RSC and 20 nM
100-bp DNA. Nap1 was added at molar excesses of 5- and 15-fold with
respect to DNA or RSC. For the dinucleosome-stimulated ATPase assay,
reaction mixtures contained 20 nM dinucleosomes, 20 nM RSC, 55 �M
ATP, and varying amounts of Nap1. The background signal was measured
using samples lacking the remodeler. Additionally, any intrinsic back-
ground hydrolysis observed with remodeler in the absence of nucleo-
somes was subtracted from the signal. [�-32P]ATP was added to the reac-
tion mixtures, and hydrolysis was stopped at regular time intervals with
SDS (1.5%) and EDTA (50 mM). Inorganic phosphate and ATP were
separated by thin-layer chromatography on polyethyleneimine cellulose
plates (J. T. Baker, Germany) developed with 0.5 M LiCl and 0.5 M formic
acid.

Site-directed mapping. Site-directed histone-DNA cross-linking was
performed as described previously (30). Briefly, histone octamers con-
taining cysteine at residue 53 of H2B were reconstituted into dinucleo-
somes and conjugated to p-azidophenacyl bromide (APB) from Sigma.
RSC in the absence and presence of Nap1 was incubated with APB-mod-
ified dinucleosomes under full binding conditions at 30°C for 10 min. For
remodeling experiments, samples included 10 �M ATP, and the remod-
eling reactions were stopped with excess EDTA (15 mM). Samples were
UV cross-linked at 312 nm for 3 min before adding SDS to a final concen-
tration of 1% and incubating at 37°C for 15 min. DNA cross-linked to
histones was enriched through phenol-chloroform extraction and ethanol
precipitation prior to resuspension in 1 M pyrrolidine (Sigma). Samples
were incubated at 90°C for 15 min, and the solvent was removed with a
Centrivap concentrator (Labconco). The 5= end-labeled DNA was resus-
pended in 25 �l ultrapure water and dried in a Centrivap twice before
resuspension in 10 �l 95% formamide, 0.0625% bromophenol blue and
xylene cyanol. DNA samples were analyzed on a 6.5% denaturing poly-
acrylamide gel, along with a sequence ladder of the same DNA; visualized
by phosphorimaging; and quantified with ImageQuant (version 5.2;
Packard Instrument Company). Lane intensities were normalized for
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loading bias using Microsoft Excel. Band intensities were plotted as a
function of time and fitted into a one-phase decay or one-phase associa-
tion equation using GraphPad (Prism; version 6.0b). Overlays for differ-
ent time points were made using the ggplot2 package in R.

RESULTS
Nap1 selectively enhances RSC-mediated disassembly of di-
nucleosomes but not mononucleosomes. We examined the role
of Nap1 in enhancing RSC-mediated disassembly of adjacent
nucleosomes in dinucleosomes at moderate concentrations of
Nap1. We used a 15-fold (300 nM) molar excess of Nap1 (calcu-
lated as a monomer) relative to the amount of RSC or dinucleo-
some substrate compared to the 1,000-fold or more molar excess
used previously (13). Dinucleosomes were analyzed using a native
gel shift assay that separates the fully assembled dinucleosomes
from remodeling intermediates where either a single H2A-H2B
heterodimer is displaced (Rem I) or an entire nucleosome is lost
(Rem II), as shown previously (9). Nap1 alone could not disas-
semble dinucleosomes, whereas RSC had some disassembly activ-
ity that was enhanced in the presence of Nap1 (Fig. 1A).

This disassembly activity was not due to either Nap1 affecting
the initial rate of dinucleosome movement mediated by RSC (as
determined by the rate of disappearance of the dinucleosome)
(Fig. 1B) or the loss of a single H2A-H2B (as seen by the appear-

ance of species I) (data not shown; see Fig. S1 in the supplemental
material). However, the presence of Nap1 led to a 3-fold increase
in the loss of one of the two nucleosomes (as evidenced by the
appearance of species II) (Fig. 1C). Further, Nap1-mediated en-
hancement of nucleosome disassembly was not observed under
comparable conditions using mononucleosomes (Fig. 1D and E).
These experiments show that Nap1 can stimulate disassembly of a
nucleosome adjacent to a nucleosome being mobilized by RSC
and that this stimulation is distinct from the effects of Nap1 and
RSC on mononucleosomes.

Nap1 does not enhance the dinucleosome binding or ATPase
activities of RSC. We examined the effects of Nap1 on RSC bind-
ing to both dinucleosomes and DNA using native gel shift assays.
Notably, under these assay conditions, Nap1 alone did not bind to
nucleosomes, DNA, or RSC. In these assays, the complex between
RSC and dinucleosomes migrated as two main bands, likely cor-
responding to dinucleosomal DNA with one and two molecules of
RSC bound (Fig. 2A, lane 3). The second molecule of RSC pre-
sumably bound nonspecifically to nucleosomes and was readily
displaced by Nap1, whereas the other molecule of RSC was specif-
ically bound and retained on nucleosomes even at high Nap1 con-
centrations of 3 �M (150-fold excess of Nap1 relative to dinucleo-
some) (Fig. 2A). Similar binding assays were done with a 100-bp
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DNA, where the addition of Nap1 did not alter the extent of RSC
binding (Fig. 2B and C). These data show that Nap1 does not
interfere with RSC binding to either nucleosomes or DNA even at
150-fold molar excess.

To determine whether Nap1 enhances the basic enzymatic
properties of RSC, such as ATP hydrolysis and nucleosome move-
ment, we employed well-established ATPase assays using either
dinucleosomes or DNA as the activator. We observed that the rate
of stimulated ATP hydrolysis of RSC did not increase in propor-
tion to the amount of Nap1 added (Fig. 2D and E). Likewise, there
was no significant reduction in ATPase activity in the presence of
dinucleosomes and a 5-fold molar excess of Nap1 relative to RSC,
but there was a modest yet significant decrease in ATPase activity
when Nap1 was present in 15-fold molar excess relative to RSC
(Fig. 2D). With free DNA, the reduction of ATPase activity with
increasing Nap1 was more pronounced (Fig. 2E); however, this
decrease is unlikely to account for Nap1’s enhancement of RSC-
mediated nucleosome disassembly.

Nap1 enhances RSC-mediated disassembly by altering pas-
sage through the adjacent nucleosome. The effect of Nap1 on
RSC nucleosome remodeling was examined in more detail by
mapping changes in histone-DNA contacts at both nucleosomes
in the dinucleosome during remodeling. We tracked the contacts
of residue 53 of H2B with nucleosomal DNA by photo-cross-
linking, as described previously (9, 30, 31). DNA is cleaved 54
nucleotides (nt) from the dyad axis when residue 53 is cross-

linked to DNA (Fig. 3A to C). The nucleosome flanked by 40 and
31 bp of DNA moves first and is referred to as the N1 nucleosome.
We found that the N1 nucleosomes moved 10 or 11 nt and then 20
nt from the starting cleavage position toward the second (N2)
nucleosome. This initial movement was followed by steps moving
the N1 nucleosome in the same direction, 40, 41, or 42; 49; and 57
nt from the starting position (Fig. 3B). Notably, N1 nucleosomes
moved away from their initial positions �2 times faster than N2
nucleosomes (Fig. 3D).

In support of our native gel shift data (Fig. 1), N1 and N2
nucleosome movement proceeded at a similar rates regardless of
the presence of Nap1 (Fig. 3B). The rate of movement was the
same for each of the 10-, 20-, 31- or 32-, and 40-, 41-, or 42-nt
steps for the N1 nucleosomes, confirming that Nap1 does not alter
the way in which RSC mobilizes N1 nucleosomes (Fig. 3E; see Fig.
S2 in the supplemental material). Initially, as the edge of the N2
nucleosomes closest to N1 moved in response to the movement of
N1 nucleosomes, they moved at the same rate regardless of Nap1
(Fig. 3F). However, at the later stages, Nap1 retarded the progres-
sion of N2 nucleosomes to the 60-nt position, as evidenced by an
�2-fold reduction in the rate of movement compared to RSC
alone (Fig. 3G). The reduction in N2 nucleosomes that had moved
60 nt was likely because these nucleosomes were disassembled
when the DNA from the leading edges of the nucleosomes had
been displaced and moved between 43 and 60 nt from their initial
positions. These data suggest that Nap1 increases nucleosome loss
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at the stage where RSC has invaded the adjacent nucleosome close
to the interface of H3-H4 and DNA (Fig. 3A). Movement of RSC
into the second nucleosome likely exposes H3-H4 to Nap1, allow-
ing binding between them and thereby preventing H3-H4 from
rebinding DNA.

Other histone chaperones cannot enhance RSC-mediated
disassembly of nucleosomes. Next, we examined whether Nap1’s
ability to enhance nucleosome disassembly by RSC was specific to
Nap1 or was shared by other histone chaperones. We compared
the effect of Nap1 to those of Vps75 and MCM2, which are mem-
bers of two distinct histone chaperone families. The yeast histone
chaperone Vps75 is a structural paralog of Nap1, has high affinity
for both H3-H4 and H2A-H2B, and copurifies with the histone
H3 acetyltransferase Rtt109 (21, 28, 32, 33). The histone binding
domain of MCM2 we used in our tests is more selective for H3-H4
than for H2A-H2B and can hijack interaction sites used by nucleo-
somal DNA (34). At 15-fold molar excess, neither MCM2 nor
Vps75 enhanced nucleosome disassembly. Further, even a 150-
fold molar excess of MCM2 had no effect (Fig. 4A and B). Thus,
the high-affinity binding between histone chaperones and their
histone cargo alone is insufficient to enhance RSC-mediated
nucleosome disassembly.

Properties of Nap1 critical for enhancing nucleosome disas-
sembly by RSC. We examined the region(s) of Nap1 important
for enhancing RSC-mediated nucleosome disassembly through
mutational analysis to better understand the essential properties
of Nap1. Previous mutational and structural analyses showed that

�-helices 7 and 8 of Nap1 mediate binding to the L2 loop of H2B
in an H2A-H2B dimer, with other Nap1 regions potentially bind-
ing H2A (25). A total of four deletions and 20 different mutants
with multiple amino acid substitutions were used to screen for the
region of Nap1 needed for RSC-mediated nucleosome disassem-
bly (see Table S1 in the supplemental material). In the mutants,
Nap1 residues were replaced with alanine, glycine, or serine.
While most mutations were made to exposed residues to mini-
mize any impact on the Nap1 structure, mutants 20 and 21 involve
buried residues. Of the seven point mutations in mutant 20, one
residue is buried, while the two point mutations in mutant 21 were
purposefully designed to locally destabilize the Nap1 structure.
The locations of the mutations and their impacts on Nap1 binding
to H2A-H2B are summarized in Table S1 in the supplemental
material. Briefly, mutant 2 binds H2A-H2B more tightly than the
wild type (see Fig. S4 in the supplemental material), while mutants
19 to 23 bind H2A-H2B less tightly than the wild type, to various
degrees (25). Mutants 22 and 23 are N- and C-terminal tail trun-
cations, respectively, while mutants 24 and 25 have compromised
oligomerization.

Generally, high-affinity Nap1 binding of H2A-H2B was re-
quired for Nap1 enhancement of RSC-mediated nucleosome dis-
assembly (see Table S1 in the supplemental material). Some mu-
tations in Nap1 decreased binding to H2A-H2B by 50- to 60-fold
and consequently eliminated enhancement of RSC-mediated dis-
assembly by Nap1 (Fig. 5A, mutants 19 and 20). Mutations that
target other regions not critical for H2A-H2B binding, such as in
the dimerization helix, the loop and helix of the accessory domain,
the 310 helix, and the extended loop region unique to Nap1, did
not impact the ability of Nap1 to enhance RSC-mediated disas-
sembly of dinucleosomes (Fig. 5B to D; see Fig. S3B and C in the
supplemental material, mutants 4 to 10, 11, 16, and 17). A muta-
tion in the short helix before the dimerization helix increased
Nap1 affinity for H2A-H2B and correspondingly increased the
ability of Nap1 to enhance RSC-mediated disassembly above that
of wild-type Nap1 (Fig. 5F; see Fig. S3A and S4 in the supplemen-
tal material, mutant 2). Another mutation in the underside of the
dimerization helix also increased Nap1 enhancement of RSC-me-
diated disassembly over that of wild-type Nap1 (Fig. 5F, mutant
3). Although this mutation did not increase the affinity of Nap1
for H2A-H2B (25), it lies in a region that changes upon H2A-H2B
binding. Extensive deletion of the N terminus of Nap1 that re-
duces Nap1 affinity for H2A-H2B and disrupts dimer formation
also inhibits the ability of Nap1 to enhance disassembly (Fig. 5H,
mutant 24). These mutations show that Nap1 needs to efficiently
bind H2A-H2B and/or H3-H4 in order to enhance nucleosome
disassembly by RSC.

Given that Nap1 self-associates and forms tetramers at physi-
ological salt concentrations (21, 35–37), we tested whether Nap1
tetramerization was required for Nap1 enhancement of RSC-me-
diated nucleosome disassembly. Deletion of the �-hairpin (mu-
tant 23) of Nap1 blocks formation of the Nap1 tetramer without
interfering with formation of the Nap1 dimer and Nap1 binding
to histones (38, 39). We found that deletion of the hairpin of Nap1
limited Nap1’s ability to promote RSC-mediated nucleosome dis-
assembly (Fig. 5H).

To test whether the disordered N- and C-terminal tails of Nap1
are also important for RSC-mediated nucleosome disassembly, we
deleted the C-terminal tail of Nap1 and found that this abolished
the ability of Nap1 to enhance disassembly without drastically
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FIG 4 Histone chaperones Vps75 and MCM2 do not affect nucleosome dis-
assembly by RSC. (A) Remodeling assays were performed using 20 nM di-
nucleosome substrate and 20 nM RSC (lanes 1 to 5), 20 nM RSC plus 300 nM
Nap1 (lanes 6 to 10), and 20 nM RSC and 300 nM Vps75 (lanes 11 to 15).
Samples were stopped at 0 and 40 s and 2, 6, and 20 min before being analyzed
by gel shift. (B) Assays were performed as for panel A, except that they con-
tained 20 nM RSC (lanes 1 to 6), 20 nM RSC plus 300 nM MCM2 (lanes 7 to
12), and 20 nM RSC plus 3 mM MCM2 (lanes 13 to 18). Samples were stopped
at 0 and 20 s and 1, 3, 10, and 30 min.
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reducing the affinity of Nap1 for H2A-H2B (Fig. 5H, mutant 22)
(20, 40). Conversely, deletion of the N-terminal tail enhances the
effect of Nap1 on RSC-mediated disassembly, also without dras-
tically altering the affinity of Nap1 for H2A-H2B (Fig. 5H, mutant
21). These observations suggest that the N- and C-terminal tails of
Nap1 have distinct roles in enhancing RSC-mediated nucleosome
disassembly separate from simply binding H2A-H2B. In light of
these findings, we reinvestigated the basis of the difference in be-
havior between Nap1 and Vps75, since the N- and C-terminal tails
of Nap1 and Vps75 differ from each other. Nap1 was a much more
effective competitor for H2A-H2B binding to free DNA than
Vps75 (see Fig. S5 in the supplemental material). Consistent with
these differences, when the N- and C-terminal tails of Nap1 were
deleted, the ability of Nap1 to compete H2A-H2B from DNA was
lost and resembled that of Vps75 (data not shown). Thus, Nap1
could be more selective for enhancing RSC-mediated nucleosome
disassembly than Vps75 because it can more effectively compete
for H2A-H2B or H3-H4 with DNA.

Two other mutations in the second strand of the �-sheet of Nap1
also increased the efficacy of Nap1 yet did not increase Nap1 affinity
for H2A-H2B (Fig. 5G and I, mutants 14 and 15). These mutations
may affect interactions between Nap1 and RSC. To test this possibil-
ity, we examined the remodeler specificity for Nap1 enhancing
nucleosome disassembly. If Nap1 binds uniquely to RSC, then its
effects should be limited to RSC and should not be observed with
other family members, such as SWI/SNF. Even though Nap1 affinity
for H3-H4 and its ability to compete histones from DNA would be
advantageous to SWI/SNF-mediated dinucleosome disassembly, if
unable to be recruited, then Nap1 would not be able to enhance
nucleosome disassembly. We found that Nap1 did not enhance SWI/
SNF-mediated nucleosome disassembly even though its mechanism
of disassembly is very similar to that of RSC (Fig. 6). In fact, Nap1 had
the opposite effect on SWI/SNF-mediated disassembly of dinucleo-
somes, inhibiting both movement and loss of nucleosomes. The spec-
ificity of Nap1 for RSC and particular mutations affecting disassem-
bly without altering its H2A-H2B properties suggests that Nap1 may
be recruited by RSC.

DISCUSSION

We found that the histone chaperone Nap1 selectively enhanced
the nucleosome disassembly activity of RSC on tandem nucleo-
somes, an activity that is not observed with mononucleosomes. In
our dinucleosome system, RSC was preferentially recruited to the

nucleosome with the most flanking extranucleosomal DNA,
thereby making it possible to track the unidirectional movement
of nucleosomes by RSC. In these circumstances, RSC moves one
nucleosome into an adjacent nucleosome, causing the edge of the
adjacent nucleosome closest to RSC to shift 43 to 60 nt, which
most likely promotes disassembly of the nucleosome. Addition of
Nap1 did not alter the pattern of DNA movement inside the first
nucleosome to be immobilized but did alter the movement of the
second nucleosome. The adjacent nucleosome appears to be pref-
erentially lost in the presence of Nap1 only after RSC has invaded
43 to 60 nt into the adjacent nucleosome. This is evident by the
absence of adjacent nucleosomes that have moved 60 nt in the
presence of Nap1. Because the effect is shown only after invading
that far into the adjacent nucleosome, it seems that Nap1 prefer-
entially targets the interface between H3-H4 and DNA when in-
vaded by RSC, thereby promoting nucleosome loss.

Nucleosome loss could potentially be caused by RSC pushing
the adjacent nucleosome off the DNA end, with the displaced
histones subsequently being captured by the histone chaperone.
This possibility seems unlikely given the specificity of Nap1 for
enhancing nucleosome disassembly. Other histone chaperones,
Vps75 and MCM2, did not affect nucleosome disassembly simi-
larly, even though they bind histones H3-H4 and H2A-H2B. Al-
though the affinity of Nap1 for histones is important, there are
clearly other factors that contribute to enhancing nucleosome dis-
assembly, as is evident in the chaperone specificity and from the
mutational analysis of Nap1. One critical difference between
Vps75 and Nap1 is that Vps75 cannot compete H2A-H2B from
DNA. This suggests that the specificity of Nap1 is due in part to its
ability to compete H2A-H2B or H3-H4 from DNA rather than
RSC merely pushing nucleosomes partially off the DNA. Further-
more, Nap1’s affinity for H2A-H2B or H3-H4 and its ability to
compete H2A-H2B from DNA are distinct and resolvable from
each other, and both are required for nucleosome disassembly.
Because disassembly is not increased with mononucleosomes,
Nap1 is able to act on DNA-histone interactions only as nucleo-
somes are destabilized by the intrusion of RSC but will not act on
changed DNA-histone interactions that occur as RSC “pumps”
DNA through mononucleosomes.

Previous studies using RSC, Nap1, and mononucleosomes
have provided contradictory conclusions with respect to the abil-
ity of Nap1 to either disassemble mononucleosomes or displace
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one H2A-H2B dimer to form a hexasome (13, 14). A key differ-
ence in these studies was the amount of Nap1 used, 2.4 �M
(�1,000-fold excess) for nucleosome disassembly and 43 nM
(�200-fold excess) for hexasome formation. Neither of these re-
sults was observed under our conditions. The nucleosome con-
centration and the type of histones used can both account for
these differences. In our study, we used 20 nM nucleosomes,
whereas the two previous studies used nucleosome concentrations
of 0.2 and 1 nM. We chose a concentration of 20 nM to avoid
potential complications due to nucleosome instability upon ex-
tensive dilution. We also used yeast histones with yeast Nap1 and
RSC to ensure no species variations would influence the out-
comes, whereas the prior studies combined yeast RSC with either
X. laevis or rat liver histones.

One of the most critical differences between the current study and
the earlier studies is that until now, the effects of Nap1 and RSC have
not been studied outside the context of a mononucleosome. The co-
localization of RSC and Nap1 at promoters and coding regions in
yeast, as shown by chromatin immunoprecipitation-sequencing, is
consistent with our biochemical evidence that they cooperatively
modulate nucleosome dynamics (26, 41–45). Nap1 and RSC associ-
ate with actively transcribed genes and promote efficient RNA poly-
merase II elongation through a nucleosomal template (14, 46). Our
data provide evidence that the molecular basis of the enhanced elon-
gation of RNA polymerase II is due to the active displacement of
nucleosomes through the concerted actions of RSC and Nap1. RSC is
recruited to coding regions through its direct interactions with acety-
lated histones, either through its multiple bromodomains or by bind-
ing directly to RNA polymerase II. RSC recruitment to coding regions
is required, in many cases, for active transcription (42). The activities
we observed for RSC and Nap1 in our studies indicate how these
proteins facilitate early stages of transcription elongation but do not
address the question of how these factors might be involved in reas-
sembling chromatin on the template following the passage of the
transcription complex (42, 47). It is not known which factors pro-
mote Nap1 association with promoters and coding regions, but one
possibility suggested by our studies is that RSC helps tether Nap1 to
these sites, thereby increasing its efficiency in disassembling nucleo-
somes that are encountered by the transcription complex. The phys-
ical interactions between RSC and Nap1 are likely unstable or tran-
sient, as they were not observed to form a stable complex in our gel
shift assays. Nonetheless, the interactions between RSC and Nap1
may be important for nucleosome disassembly.
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