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ABSTRACT

The chromatin remodeler SWR deposits histone
H2A.Z at promoters and other regulatory sites via an
ATP-driven histone exchange reaction that replaces
nucleosomal H2A with H2A.Z. Simultaneous binding
of SWR to both H2A nucleosome and free H2A.Z
induces SWR ATPase activity and engages the hi-
stone exchange mechanism. Swc5 is a conserved
subunit of the 14-polypeptide SWR complex that is
required for the histone exchange reaction, but its
molecular role is unknown. We found that Swc5, al-
though not required for substrate binding, is required
for SWR ATPase stimulation, suggesting that Swc5
is required to couple substrate recognition to AT-
Pase activation. A biochemical complementation as-
say was developed to show that a unique, conserved
domain at the C-terminus of Swc5, called Bucentaur
(BCNT), is essential for the histone exchange activity
of SWR, whereas an acidic region at the N-terminus
is required for optimal SWR function. In vitro stud-
ies showed the acidic N-terminus of Swc5 preferen-
tially binds to the H2A–H2B dimer and exhibits his-
tone chaperone activity. We propose that an auxiliary
function of Swc5 in SWR is to assist H2A ejection as
H2A.Z is inserted into the nucleosome.

INTRODUCTION

The regulation of chromatin structure and dynamics plays
a fundamental role in the control of genome processes. The
unit building block of chromatin is the nucleosome (1).
Within a typical nucleosome is a modular, octameric pro-
tein core made up of a tetramer of histones H3 and H4
[referred to as (H3-H4)2] sandwiched by two dimers of his-
tones H2A and H2B [referred to as (H2A–H2B)] (2). The re-
sulting puck-like core is wrapped around 1.7 times by ∼150
base pairs (bp) of DNA forming a left-handed solenoid (3).
The formation of nucleosomes and the arrangement of nu-
cleosomes into closely spaced arrays render the underlying
DNA sequences largely inaccessible to most DNA binding
factors (4). By controlling the position and occupancy of

nucleosome along the chromosomes, transcription factors
are excluded from inactive promoters and cryptic promoter-
like sequences but are drawn to exposed DNA elements de-
fined by the flanking nucleosomes to allow accurate, focused
assembly (5–7). ATP-dependent chromatin remodelers uti-
lize the energy from ATP hydrolysis to drive histone move-
ment along or in-and-out of DNA and thus play a key role
in the establishment and maintenance of the nucleosome or-
ganization (8,9). Guided by DNA elements and sequence-
specific factors, remodelers clear nucleosomes around pro-
moters to create nucleosome free regions (NFRs) that serve
as the platform for the transcription machinery assembly
(7,8,10–12). The nucleosome immediately downstream of
the NFR, called +1, is precisely positioned by the oppos-
ing sliding action of remodelers (8,11,13,14). In yeast, the
upstream edge of the +1 nucleosome covers the transcrip-
tion start site (15). The accurate positioning of the +1 nu-
cleosome is functionally important as remodeler mutants
that shift the position of the +1 nucleosome lead to aber-
rant start site selection (13).

Another unique feature of +1 nucleosomes is that they
are frequently assembled with the histone variant, H2A.Z,
instead of H2A (15,16). H2A.Z is essential for life in meta-
zoans (17,18). Yeast cells deleted for HTZ1 (the gene that
encodes H2A.Z) are viable but exhibit growth defects and
loss of fitness under stress (19). Although H2A.Z is not re-
quired for the steady-state transcript output of most genes,
it is required for rapid transcriptional induction, includ-
ing the heat-shock and the cyclin genes, and is preferen-
tially evicted (over H2A) from promoters during gene ac-
tivation (20–23). One hypothesized function of H2A.Z is
that it forms a nucleosome that is poised or recognized
for disassembly, thereby allowing a rapid transcriptional re-
sponse (23). Consistent with this idea, +1 H2A.Z nucleo-
somes are rapidly turned over with an occupancy half-life
of <15 min at most promoters, including those that are in-
frequently transcribed, suggesting that the +1 nucleosomes
are subjected to constitutive remodeling activities that pro-
mote nucleosome disassembly (24,25). Although previous
studies suggested that the INO80 chromatin remodeler was
responsible for H2A.Z eviction, subsequent studies have
demonstrated that the major contribution of H2A.Z evic-
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tion comes from the assembly and/or the activity of the
transcription machinery (25–27).

H2A.Z is deposited into +1 nucleosomes by the SWR1
complex (referred to as SWR hereafter), a member of
the ATP-dependent chromatin remodeler family (19,21,28).
Unlike other remodelers, SWR does not cause a net change
in histone octamer position or net loss of histones in vitro;
instead it catalyzes a histone exchange reaction that replaces
nucleosomal H2A–H2B with free H2A.Z–H2B dimers de-
livered to the remodeler by one of several histone chaper-
ones, such as Chz1, Nap1 and FACT (21,29,30). The direc-
tionality of the reaction is ensured by the regulation of the
SWR ATPase that becomes hyper-stimulated when simul-
taneously bound to both histone substrates, i.e. the H2A-
containing nucleosome and the H2A.Z–H2B dimer(s) (31).
A fundamental question is how SWR recognizes the cor-
rect in vivo substrates, activates its ATPase and engages the
histone exchange mechanism.

The eviction of the nucleosomal H2A–H2B is coupled
to the insertion of H2A.Z–H2B, as demonstrated by the in
vitro experiments showing that H2A.Z–H2B is required for
full stimulation of the SWR complex ATPase, as well as the
eviction of the nucleosomal H2A–H2B (31). After the first
round of histone exchange, the SWR complex must then
engage with the second H2A–H2B dimer on the opposite
face of the nucleosome and replace it with H2A.Z–H2B. As
such, SWR converts a homotypic H2A/H2A (AA) nucle-
osome to the heterotypic H2A.Z/H2A (AZ) form before
generating the homotypic H2A.Z/H2A.Z (ZZ) nucleoso-
mal product (31) (Supplementary Figure S1A).

The SWR complex, which weighs over one megadal-
ton, is comprised of the Swr1 core ATPase plus associat-
ing factors encoded by 13 other genes (19,21,28,32). How
these other proteins interact with the Swr1 ATPase mo-
tor, a DEAD-box super family (SF) 2 translocase, to co-
ordinate histone exchange is unclear. The Swr1 polypeptide
also serves as a scaffold for the assembly of the other sub-
units, which are organized into structurally distinct mod-
ules (33,34) (Supplementary Figure S1B, Swr1 in blue). The
‘N-module’ (in pink) is associated with the N-terminus of
Swr1 and consists of Bdf1, Yaf9, Swc4, Swc7, Arp4 and
Act1 (34). Several of these subunits are histone code readers.
For example, Bdf1, which contains tandem bromodomains,
binds preferentially to the tetra-acetylated histone H4 tail
(35). The YEATS-domain containing Yaf9 binds to acety-
lated and crotonylated histone H3 (36,37). The actin-related
protein Arp4 binds to phosphorylated H2A at serine 129, a
mark linked to DNA damage response (38).

The C-terminal half of Swr1 bears a ‘split’ ATPase do-
main, which differs from the SF2 ATPase domains found
in other remodelers in that a much longer insert domain
links the two RecA-like protein folds of the predicted AT-
Pase motor structure (39) (Supplementary Figure S1B, dark
blue). Two other subunit modules, namely the ‘C-module’
and the ‘Rvb1/2-module’, require the insert domain to
dock onto the Swr1 ATPase (33,34) (Supplementary Figure
S1B, C-module in yellow; Rvb1/2 in purple). The Rvb1/2-
module is a AAA+ heterohexameric ring formed by the
RuvB-related ATPases, Rvb1 and Rvb2 (40,41). Electron
microscopy analysis indicated that the Rvb1/2 ring inter-
acts with the N-module, C-module, and the Swr1 scaffold,

suggesting that it could serve as an organization platform
(not depicted in Supplementary Figure S1B for simplicity)
(33).

The C-module contains the subunits Swc2, Swc6, Arp6,
and Swc3 (34) (Supplementary Figure S1B). Swc2 requires
Swc6 and Arp6 for stable association with Swr1, and all
three are essential for H2A.Z deposition in vitro, whereas
Swc3 is not (34). Swc2, the second largest subunit of SWR
after Swr1, has an integral role in the H2A.Z deposition
mechanism. A conserved acidic region in Swc2 and in its
human ortholog YL1, called the Swc2-Z or YL1-Z domain,
preferentially binds to the H2A.Z–H2B substrate and is re-
quired for the H2A.Z deposition activity (34,42). Swc2 is
also important for the targeting of SWR to the NFR to al-
low promoter-specific deposition of H2A.Z at the +1 posi-
tions (32). This targeting occurs via a conserved basic region
that is adjacent to the Swc2-Z domain and is responsible for
sensing the long DNA linker that protrudes from the nucle-
osome (32).

Swc5 is an ‘orphan’ subunit of SWR in that it is not an
integral component of the C-, N- or Rvb1/2 modules (Sup-
plementary Figure S1B, oval in cyan). Swc5 is required for
the SWR-mediated H2A.Z deposition in vivo and in vitro,
but its molecular role in the histone exchange process is un-
known (25,34). SWR purified from swc5Δ cells contains all
the subunits except Swc5, indicating that Swc5 is not neces-
sary for the other subunits to bind to the Swr1 scaffold (34).
However, stable interaction of Swc5 with the Swr1 scaffold
requires the docking region of the N-module and the C-
terminus of Swr1 (33,34,43,44).

In this study, we uncovered how Swc5 is involved in the
SWR-mediated histone exchange process. First, Swc5 is re-
quired for the activation of the ATPase of SWR when the
remodeler is bound to the H2A nucleosome and H2A.Z–
H2B dimer, suggesting that it couples substrate recognition
to DNA translocation activity. Second, Swc5 preferentially
binds to H2A–H2B dimer, presumably to facilitate the ejec-
tion step of the histone exchange process. Domain analysis
showed the BCNT domain is indispensable for the histone
exchange activity, whereas the acidic N-terminus is involved
in H2A–H2B binding but is only required for optimal ex-
change activity.

MATERIALS AND METHODS

Yeast strains and culture conditions

The genotypes of the yeast strains used in this study are
listed in Supplementary Table S1. The yeast strains SWR1–
3xFLAG htz1Δ (yEL190) and SWR1–3xFLAG swc5Δ
htz1Δ (yEL291) used for native SWR purification are gifts
from Carl Wu. The strain swc5Δ (Clone ID: 3371) (yEL274)
was purchased from GE Dharmacon.

The yeast cultures used for native SWR purification were
cultivated in 6 × 2 L yeast extract peptone dextrose (YPD)
medium to an optical density (OD600) of 2–4 before being
harvested by centrifugation. The cell pellets were washed
once with water and once with buffer A [300 mM HEPES–
KOH (pH 7.6), 40% glycerol, 2 mM EDTA, 100 mM KCl]
at 4◦C. The packed-cell volume (PCV) was noted after cen-
trifugation. After stirring the cells into a cell paste in the
residual buffer A, the cells were frozen into ‘nuggets’ by
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dripping into liquid nitrogen. The frozen yeast nuggets were
stored at –80◦C until ready for protein extraction.

Spotting assays were performed using wild-type
(BY4741) or the isogenic swc5Δ haploid yeast (yEL274)
transformed with a CEN ARS URA3 vector (pRS416)
bearing the wild-type SWC5 or the mutant variants (45).
The SWC5 gene and the mutants were under the control of
the endogenous promoter and terminator. Ten microliters
of cell suspension at 1 OD600 and 10-fold serial diluents
were seeded onto a synthetic complete medium lacking
uracil in the presence or absence of 3% (v/v) formamide.
The plates were incubated at 30◦C for 2 days before imaged
by the LAS4010 CCD camera (GE Healthcare).

Plasmid construction

A summary description of the plasmids used in this study
can be found in Supplementary Table S2. The bacterial
expression vector of yeast SWC5 (pEL340) was a gift
from Carl Wu. The SWC5 gene in this vector is fused in-
frame with the N-terminal 6x histidine/thrombin tag in the
pET28c(+) vector. For the swc5 (79–303) and the swc5
(147–303) expression vectors, the SWC5 gene fragments
were synthesized by Genscript. The fragments were engi-
neered to be flanked by NdeI and XhoI sites to allow sub-
cloning into the pET28c(+) so that the SWC5 sequences
were in-frame with the N-terminal 6x histidine/thrombin
tag. To generate the bacterial expression vectors for the
C-terminal truncation mutants [swc5 (1–254*) and swc5
(1–232*)] and the alanine mutants [swc5(FAGE→4A),
swc5(TTLEKS→6A) and swc5(LDW→3A)], site-directed
mutagenesis was used to introduce stop codons and alanine
codons at the desired positions.

To generate the SWC5 vector (pEL460) for the genetic
complementation experiment, the SWC5 gene, including
450 bp upstream of the start codon and 386 bp downstream
of the stop codon, was amplified from yeast genomic DNA
by PCR. The resulting PCR fragment was flanked by se-
quences that are homologous to the flanking regions imme-
diately adjacent to the XhoI and EcoRI sites in the vector
pRS416. After digesting with XhoI and EcoRI, the pRS416
vector was incubated with the SWC5 gene fragment in the
Gibson Assembly reagents to allow homologous recom-
bination (New England Biolabs). The C-terminal trunca-
tion mutants and the alanine mutants for the yeast expres-
sion vectors were constructed by site-directed mutagenesis
as described above. To construct the N-terminal trunca-
tion mutants, swc5 (79–303) and swc5 (147–303), the se-
quence around the SWC5 start codon (taaATG) in pEL460
was mutated to an EcoRI site (gaattc) generating the plas-
mid pEL483. The truncated SWC5 genes were amplified
by PCR, in which the primers covering the 5′-UTR were
fused directly to an ATG followed by the first codon of the
truncated sequence. The PCR fragments for swc5 (79–303)
and swc5 (147–303) were then subcloned into pEL483 by
Gibson Assembly via the EcoRI/BclI sites and EcoRI/SalI
sites, respectively. The integrity of all SWC5 sequences and
the presence of mutations were confirmed by Sanger se-
quencing (Genewiz).

Purification of native SWR complexes from yeast

The wild-type SWR and the mutant SWR[swc5�] com-
plexes were purified by affinity chromatography using the
3xFLAG epitope at the C-terminus of Swr1 followed by
glycerol gradient sedimentation as previously described
with some modifications (31). Twelve-liter culture equiva-
lents of frozen yeast nuggets prepared as described above
were pulverized under liquid nitrogen in a Freezer Mill
(SPEX) at maximum speed 15 times for 1 min with 1 min
pause between each cycle. The lysate was thawed by the ad-
dition of two PCV of buffer B [150 mM HEPES–KOH (pH
7.6), 20% glycerol, 1 mM EDTA, 50 mM KCl, plus 1× pro-
tease inhibitors (PI, which consists of 1.7 mg/ml PMSF, 3.3
mg/ml benzamidine hydrochloride, 0.1 mg/ml pepstatin A,
0.1 mg/ml leupeptin, 0.1 mg/ml chymostatin)]. After the
addition of 0.2 M KCl, the lysate was incubated at 4◦C with
gentle mixing for 30 min to facilitate extraction. The extract
was cleared by centrifugation at 83 000 x g in a SW28 rotor
and was stored at –80◦C until ready for affinity chromatog-
raphy.

For FLAG affinity chromatography, thawed extract from
12-L equivalent of cells was thawed and incubated with 5-
ml bed volume of anti-FLAG M2 agarose (Sigma-Aldrich)
for 4 h at 4◦C. The resin was washed twice with buffer C
[25 mM HEPES–KOH pH 7.6, 1 mM EDTA, 10% glyc-
erol, 0.01% NP-40, 0.2 M KCl, 2 mM MgCl2, 1 mM CaCl2
and 1× PI]. DNA was removed by digestion on the resin
with 20 U/ml of DNase I (Worthington) in the presence of
10 mM MnCl2 for 30 min at 4◦C. The bead-bound SWR
was washed with buffer D [25 mM HEPES–KOH pH 7.6, 1
mM EDTA, 10% glycerol, 0.01% NP-40, 0.5 M KCl and
1× PI] and with buffer E [same as buffer D, except that
the 0.5 M KCl is replaced by 0.3 M NaCl] before elution
with 0.5 �g/�l 3xFLAG peptide (Sigma-Aldrich) in buffer
E at 4◦C for 2 hours. The eluate was concentrated on a 10
kD MWCO centricon column (EMD Millipore) and then
applied to a 15–40% glycerol gradient in buffer F [25 mM
HEPES–KOH pH 7.6, 1 mM EDTA, 0.01% NP-40, 0.3 M
NaCl] for velocity sedimentation. Centrifugation was per-
formed at 192 000 × g at 4◦C for 10 hours in a SW-55.1 rotor
(Beckman Coulter). Peak fractions were detected by SDS-
PAGE and SYPRO Ruby or silver staining and combined
before being aliquoted for storage at –80◦C. Protein con-
centration was determined by densitometric measurement
of the Swr1 polypeptide band against a serially diluted BSA
standard in SDS-PAGE.

Purification of recombinant Swc5 and swc5 mutant proteins
for in vitro assays

To purify the recombinant Swc5 and mutant variants, trans-
formants of the BL21(DE3) CodonPlus cells (Agilent Tech-
nologies) or the BL21(DE3) pLysS cells (Promega) bearing
the corresponding bacterial expression vectors were culti-
vated in 1 L of the superbroth medium at 37◦C until the
OD600 reached 0.5. Induction was initiated by the addition
of 0.2 mM isopropyl �-D-1-thiogalactopyranoside (IPTG)
and was allowed to proceed for 4.5 h at 37◦C. The cells
were harvested by centrifugation, washed and resuspended
in buffer G [20 mM Tris–HCl pH 7.9, 5 mM imidazole, 0.5
M NaCl, 7 M urea, 0.2 mM PMSF, 0.5% Triton X-20]. All
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steps from this point onward were performed at 4◦C. Cells
were lysed by sonication (12 × 15-s pulses at 60% power
with 30-sec pauses in between) in a Qsonica Q500 ultrasonic
processor equipped with a 12.7 mm probe. The lysate was
cleared by centrifugation at 19 710 × g in the JA-25.50 rotor
for 30 min at 4◦C before application into a 10-ml TALON
Superflow cobalt column (Clontech). The resin was washed
with buffer G and the Swc5 proteins were eluted in buffer I
[20 mM Tris–HCl pH 7.9, 60 mM Imidazole, 0.5 M NaCl].
The fractions containing the Swc5 proteins were further pu-
rified on a 5-ml high performance Q Sepharose column with
a 0.1–0.5 M NaCl linear gradient in buffer J [20 mM Tris–
HCl pH 7.5]. After the peak fractions were concentrated by
centrifugation in a 10 kD MWCO centricon column, the
proteins were purified on a Superdex 200 Increase 10/300
GL column in eluent buffer K [20 mM Tris–HCl pH 7.5,
10% glycerol, 0.3 M NaCl].

For thrombin digestion, the His-tagged Swc5 proteins
were incubated with 0.02 U/�L of thrombin (GE Healtl-
hcare) overnight at 4◦C. The cleaved proteins were purified
on the Superdex 200 column as described above.

Reconstitution of the remodeling substrates of SWR

Nucleosomes were reconstituted with recombinant yeast hi-
stone octamers and 204-bp Cy3-labeled DNA molecules
bearing the Widom-601 sequence as described but with
some modifications (46,47). The full sequence of the DNA
fragment can be found in Supporting material S1. Briefly,
the histone octamers were reconstituted from unfolded
yeast H2A, H2B, H3, and H4 in buffer L [7 M urea, 10
mM Tris–HCl (pH 8.0), 1mM EDTA, 0.2 M NaCl, 5 mM
2-mercaptoethanol and 0.2 mM PMSF] by dialysis against
buffer M [2 M NaCl, 10 mM Tris–HCl (pH 7.5), 1 mM
EDTA, and 5 mM 2-mercaptoethanol] (47). The octamers
were then purified by gel filtration on the Superdex 200 col-
umn using buffer M (but without 2-mercaptoethanol) as
eluent. The Cy3-labeled 204 bp DNA was synthesized by
PCR using primers 5′-[Cy3] TCT TCA CAC CGA GTT
CAT CCC TT-3′ (forward) and 5′-TAC ATG CAC AGG
ATG TAT ATA TCT GAC-3′ (reverse), and the 601 DNA
fragment as template (Supporting material S1) (48). The
unlabeled DNA used in the ATPase reactions was syn-
thesized similarly by using the same forward primer but
without the Cy3. All DNA fragments were cleaned up by
standard phenol-chloroform extraction, concentrated by
ethanol/NaOAc precipitation and purified on the Superdex
200 column using buffer N as eluent [10 mM Tris–HCl pH
7.5, 1 mM EDTA, 0.01% NP-40, 0.3 M NaCl]. Nucleo-
somes were then assembled by mixing the purified DNA
and octamer at 1:1 molar ratio and dialyzing against buffer
O [10 mM Tris–HCl pH 7.5, 1 mM EDTA, 0.01% NP-40,
0.05 M NaCl] as described in (47) and were purified by ve-
locity sedimentation through a 15–40% sucrose gradient in
buffer P [25 mM HEPES–KOH pH 7.6, 0.5 mM EDTA,
0.01% NP-40] at 192 000 × g for 20 h at 4◦C using the SW-
55.1 rotor. Peak fractions were dialyzed against buffer Q [10
mM Tris–HCl (pH 7.6), 1 mM EDTA, 50 mM NaCl, 0.01%
NP-40]. The Cy3-labeled 6-Nuc-7 nucleosome was gener-
ated and purified similarly but the forward primer 5′-[Cy3]

GCC GCC CTG GAG AAT CC-3′ was used for the PCR
to generate a 6-bp linker instead of a 50-bp linker.

To prepare the H2A.Z–H2BFL, H2A–H2BFL, H2A.Z–
H2B and H2A–H2B dimers, 2 mg of H2A, H2B, H2BFL

and H2A.Z proteins in buffer R [7 M guanidine–HCl, 20
mM Tris–HCl pH 7.5 and 10 mM DTT] were unfolded ac-
cording to (47) and mixed at 1:1 molar ratio. The mixtures
were then dialyzed against buffer M and the refolded his-
tone dimers were purified on the Superdex 200 column in
buffer M (without 2-mercaptoethanol).

In vitro histone exchange assay

The histone exchange assay was conducted using a proto-
col modified from (32). Each reaction is 25 �l and is com-
posed of three parts. Part A, which constitutes 60% of the
reaction volume, contains 4 nM purified SWR in 25 mM
HEPES–KOH (pH 7.6), 0.5 mM EGTA, 0.1 mM EDTA,
5 mM MgCl2, 0.17 �g/�l BSA, 50 mM NaCl, 10% glyc-
erol, 0.02% NP-40. Part B, which constitutes 20% of the
reaction volume, contains 75 nM Cy3-labeled AA nucleo-
some and 550 nM H2A.Z–H2BFL dimers in 10 mM Tris–
HCl (pH 7.5), 1 mM EDTA, 50 mM NaCl. Part C is 1 mM
ATP and represents 20% of the reaction volume. Part A and
Part B were mixed together before Part C was added to initi-
ate the reaction. The reaction was left at room temperature
(∼22◦C) for the indicated times before they were quenched
by the addition of 62.5 ng of lambda phage DNA (New Eng-
land Biolabs). Five microliter of Nap1 at 3.5 �M in buffer
S [70% (w/v) sucrose, 10 mM Tris–HCl (pH 7.8), 1 mM
EDTA] was added to the reaction immediately before re-
solving the nucleosomes on 6% polyacrylamide/0.5× TBE
gels. In-gel Cy3 fluorescence was detected by a Typhoon
9500 scanner (GE Healthcare) and densitometry was per-
formed using the ImageQuant software. For the Swc5 res-
cue experiments, Swc5 and/or H2A–H2B dimer were added
to the Part A and B mixture at the indicated final concen-
trations before adding in Part C.

ATPase assay

The ATPase assay was performed using a procedure similar
to the one described in (31). The ATPase reaction is also
composed of three parts but in 7:2:1 volume ratios. Part
A is 2.4 nM purified SWR plus 0.7 �M phosphate sensor
(fluorophore-conjugated phosphate binding protein, Ther-
moFisher) (49) in 25 mM HEPES–KOH (pH 7.6), 0.5 mM
EGTA, 0.1 mM EDTA, 4.3 mM MgCl2, 0.14 �g/�l BSA,
64 mM NaCl, 10% glycerol, and 0.02% NP-40. Where indi-
cated, Part B contains 100–250 nM AA nucleosomes and
200–920 nM H2A.Z–H2BFL dimers in 10 mM Tris–HCl
(pH 7.5), 1 mM EDTA and 50 mM NaCl. Part C is 1 mM
ATP. The reaction was initiated by the addition of Part C.
Phosphate sensor fluorescence was measured at 23◦C on a
Biotek plate reader using the 405 nm excitation and 460 nm
emission filter set at 7 sec intervals.

Binding assays for Swc5

For the binding assay between the recombinant Swc5 and
the histone dimers, 0.74 �M of Swc5 was incubated with
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8.7 �M of untagged H2A–H2B or H2A.Z–H2B dimers for
5 min at 4◦C. The mixtures and the individual proteins were
injected into the Superdex 200 10/300 Increase column at a
flow rate of 0.5 ml/min using buffer T [20 mM Tris–HCl
(pH 7.5), 0.3 M NaCl] as eluent. The indicated fractions in
Figures 3 and 6 were precipitated by TCA before analysis
by SDS-PAGE and SYPRO Ruby.

For the binding experiment of recombinant Swc5 pro-
teins to SWR[swc5�], yeast extracts equivalent to 1 L of
SWR1–3xFLAG swc5Δ htz1Δ (yEL291) culture prepared
as described above were incubated with 400 �l of anti-
FLAG M2 agarose beads at 4◦C for 4 hours. The bead-
bound SWR complexes were washed with buffer D followed
by buffer E before 250 nM of recombinant Swc5 proteins
were added. The mixtures were incubated with gentle shak-
ing at 4◦C for 30 min. After washing with buffer E, the SWR
complexes were eluted from the beads by incubation with
0.5 �g/�l 3× FLAG peptide at 4◦C for 2 h. The FLAG elu-
ates were TCA precipitated before analysis by SDS-PAGE
and SYPRO Ruby staining.

The binding experiment between SWR[swc5�] and the
nucleosome was conducted as described in (32). For the
binding experiment between the recombinant Swc5 and
the AA nucleosome, nucleosomes were first assembled by
mixing 14 �g of canonical yeast histone octamer with the
Widom-601 sequence in the presence of 160 ng BSA and
dialyzing against buffer Q. Twenty microgram of recombi-
nant Swc5 was then added. The mixture was resolved by
velocity sedimentation in a 15–40% sucrose gradient for 15
h. All fractions were TCA precipitated before analysis by
SDS-PAGE and SYPRO Ruby Staining.

RESULTS

Biochemical complementation of Swc5-deficient SWR with
recombinant Swc5

To investigate the molecular function of Swc5, native SWR
complexes with or without Swc5 were purified from yeast
extracts made from SWR1-FLAG SWC5 and SWR1-FLAG
swc5Δ cells, respectively, by FLAG affinity chromatogra-
phy followed by glycerol gradient sedimentation (31). Con-
sistent with previous results, the SWR complex purified
from the swc5� strain (referred to as SWR[swc5�] here-
after) lacks only the Swc5 subunit, while the remaining 13
polypeptides exhibited the similar stoichiometry as wild-
type SWR (34) (Figure 1A).

The histone exchange activity of the SWR complexes was
monitored by an in vitro assay that allows the discrimina-
tion between the AZ and ZZ nucleosomal products (31,32).
All histone substrates used in this assay were made from
S. cerevisiae histones expressed in Escherichia coli. The AA
nucleosomal substrate was reconstituted with the canonical
histones on a 204-bp DNA fragment containing the 147-
bp ‘Widom-601’ sequence. Optimal SWR activity requires
a long linker DNA (>40 bp) on at least one side of the
core particle to mimic the NFR (32). The location of the
Widom-601 sequence in the 204-bp DNA is off-center re-
sulting in the asymmetric positioning of the AA core par-
ticle such that a 50-bp linker protrudes from one side and
a 7-bp linker on the other side (denoted 50-Nuc-7) (Figure
1B) (46,48). The 50-bp linker was fluorescently labeled on

the 5′ end with Cy3, while the 7-bp linker was unlabeled.
To distinguish between H2A–H2B and H2A.Z–H2B, the
H2A.Z–H2B free dimers were assembled using H2B tagged
at its C-terminus with three copies of the FLAG epitope
(H2BFL). The FLAG tag on H2B does not interfere with
the SWR-mediated histone exchange reaction (31). SWR
(2.4 nM) was incubated with 15 nM AA nucleosomes and
110 nM free H2A.Z–H2BFL dimer and the exchange reac-
tion was initiated by the addition 200 �M ATP (the KM of
SWR for ATP is ∼5 �M) (31). At various times, the reac-
tion was quenched by the addition of excess lambda phage
DNA and the mobility of the nucleosomes was analyzed
by native polyacrylamide gel electrophoresis (PAGE) to de-
termine their histone composition. The histone chaperone
Nap1 was added to all reaction after quenching but im-
mediately before the native PAGE analysis to prevent non-
specific binding of any free H2A.Z–H2BFL dimers to the nu-
cleosomes (Supplementary Figure S2A, and compare lanes
1 and 3 in S2B).

The replacement of the untagged nucleosomal H2A–
H2B with H2A.Z–H2BFL decreased the mobility of the nu-
cleosome in native PAGE in an additive manner. As such,
the mobility of the AZ nucleosome with one H2A.Z–H2BFL

is slower than the untagged AA nucleosome but faster than
the ZZ nucleosome, which has two H2A.Z–H2BFL dimers
(Figure 1B and C). The progress of the reaction was quan-
tified by the in-gel Cy3 florescence [or SYBR Green stain-
ing (below)] of the nucleosomal DNA (Figure 1D). As ex-
pected, SWR converts the AA nucleosome to the AZ and
ZZ species in a stepwise manner at a rate similar to previ-
ously published results (31,32).

Nap1 can exchange H2A.Z–H2B (or H2A–H2B) into nu-
cleosomes in an ATP-independent manner (50), raising the
possibility that Nap1 contributes to the formation of the AZ
and ZZ nucleosome, instead of SWR. This caveat was elim-
inated by showing that reactions with or without Nap1 had
no effect on the mobility of the nucleosomal products (Sup-
plementary Figure S2B and D, compare lanes 2 and 4). In
fact, even when the quenched SWR reaction was allowed to
incubate with Nap1 for 1 h, no further exchange of H2A.Z–
H2BFL into the nucleosomes was detected (Supplementary
Figure S2B, compare lanes 2 and 6). Therefore, the mobil-
ity shift of the nucleosome in the native gel assay is directly
caused by the ATP-dependent histone exchange activity of
SWR.

The heterotypic AZ (or ZA) species appears as a doublet
in the native gel (Figure 1C). This mobility difference could
be due to the two possible sites that H2A.Z–H2BFL can be
incorporated relative to the longer linker of the asymmet-
rically positioned nucleosome (Figure 1B). This idea was
confirmed using a nearly symmetrical nucleosome substrate
with 6-bp and 7-bp linkers on either side (6-Nuc-7). When
SWR was incubated with the 6-Nuc-7 substrate, only one
type of AZ intermediate was observed (Figure 1E).

The SWR[swc5�] complex exhibited virtually no de-
tectable histone exchange activity (Figure 1F and G, Sup-
plementary Figure S3). Addition of recombinant yeast
Swc5 protein partially restored the activity of SWR[swc5�],
indicating that Swc5 can be inserted into the pre-folded
SWR[swc5�] complex (Figure 1H and I). It should be
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Figure 1. Recombinant Swc5 complemented the histone exchange activity of SWR[swc5�] in vitro. (A) The SWR complexes from wild-type and swc5Δ

yeast were analyzed by SDS-PAGE and silver staining. The cyan arrowhead indicates the position of Swc5. (B) A cartoon depicting the structural or-
ganization of the AA nucleosomal substrate, the AZ and ZA intermediates, and the ZZ product. (C) In vitro histone exchange of wild-type SWR. The
nucleosomal species before and after the addition of ATP were resolved on a native 6% polyacrylamide gel (0.5x TBE) and scanned to reveal Cy3 fluo-
rescence. (D) Quantification of the AA, (AZ+ZA), and ZZ nucleosome bands in (C) as a function of reaction time. (E) In vitro histone exchange using
the nucleosomal substrate 6-Nuc-7 on left or 50-Nuc-7 on right. The left and right panels were cropped from the same gel. The extra 44 bp of DNA in
the 50-Nuc-7 as compared to 6-Nuc-7 increased the overall mobility of the AA, AZ and ZZ species. (F and G) In vitro histone exchange of SWR[swc5�]
histone exchange reaction was conducted as described in C. (H and I) Same as F and G, except that recombinant Swc5 was added to the reaction before
the addition of ATP.
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noted that ∼60-fold excess of Swc5 (150 nM) relative to
SWR[swc5�] was used in this rescue experiment; however,
a similar level of rescue was obtained when stoichiometric
amount of Swc5 was used (see below).

Swc5 is required for the stimulation of SWR ATPase

To understand how Swc5 is involved in H2A.Z deposition,
we investigated the requirement of Swc5 for SWR ATPase
stimulation in response to substrate binding. The activity
of the SWR ATPase was indirectly monitored by the Phos-
phate Sensor protein, which increases in fluorescence when
bound to the phosphate released during ATP hydrolysis
(49). As expected, wild-type SWR was partially stimulated
by AA nucleosomes and hyper-stimulated by both AA nu-
cleosomes and H2A.Z–H2B dimers (Figure 2A and B) (31).
By contrast, the stimulation of the ATPase of SWR[swc5�]
in response to the histone substrates was severely impaired,
although the basal activity remains similar to that of wild-
type SWR (Figure 2A and B). The addition of recombinant
Swc5 was able to partially rescue the ATPase response of
SWR[swc5�], indicating that Swc5 is responsible for the
stimulation of the SWR ATPase in response to the binding
of its histone substrates (Figure 2C and D).

Swc5 is not required for SWR binding to its substrates

One explanation for the decreased ATPase stimulation of
SWR[swc5�] is that Swc5 is required for optimal bind-
ing of either the AA nucleosome, the H2A.Z–H2B dimer,
or ATP. To test if SWR[swc5�] is defective in binding the
AA nucleosome, wild-type SWR and SWR[swc5�] com-
plexes were incubated with fluorescently labeled AA nu-
cleosomes. SWR-bound nucleosomes were then separated
from unbound nucleosomes by native agarose electrophore-
sis. SWR[swc5�] was bound to H2A nucleosomes to a sim-
ilar degree as the wild-type SWR, consistent with an earlier
result (Supplementary Figure S4) (32). However, this exper-
iment does not rule out subtle defects in SWR[swc5�] bind-
ing to AA nucleosomes that may be revealed under the re-
action conditions of the ATPase assay. To test this possibil-
ity, SWR[swc5�] ATPase activity was measured as a func-
tion of increasing AA nucleosome concentration in the pres-
ence of excess H2A.Z–H2B and ATP. If the binding of AA
nucleosome to SWR[swc5�] is suboptimal, increasing the
nucleosome concentration could compensate for the bind-
ing defect and restore the ATPase stimulation. However, the
ATPase activity of SWR[swc5�] remained unchanged in re-
sponse to increasing nucleosome concentrations, suggesting
that the low ATPase stimulation is not due to defective nu-
cleosome binding (Supplementary Figure S5A).

A similar approach was used to evaluate whether
SWR[swc5�] is defective in binding H2A.Z–H2B dimers or
ATP. No increase of ATPase activity in SWR[swc5�] was
observed at increased H2A.Z–H2B dimer or ATP concen-
trations while the other two substrates were held constant
in excess (Supplementary Figure S5B and S5C). Altogether,
our data argue against the role of Swc5 in substrate bind-
ing. Rather, Swc5 appears to be required to communicate
the recognition of the histone substrates to the ATPase to
allow optimal stimulation.

Swc5 binds to the H2A–H2B dimer––a remodeling product
of SWR

Although Swc5 does not bind to the substrates of the hi-
stone exchange reaction, this does not rule out the possi-
bility that it may function by binding to the products of
the reaction, for example, the H2A–H2B dimers that are
removed from the nucleosomes. This potential interaction
was evaluated using a biochemical approach (Figure 3A–
D). Recombinant Swc5 was mixed with either untagged
H2A.Z–H2B (Z-B) or H2A–H2B (A–B) dimers in vitro and
analyzed for the complex formation by size exclusion chro-
matography where the ternary complexes would flow more
quickly through the column. Swc5 and H2A.Z–H2B dimer
do not interact under the experimental conditions as the
two species migrated independently as if they were injected
individually into the gel filtration column (Figure 3A and
B). By contrast, when Swc5 and H2A–H2B dimer were co-
injected into the column, a faster migrating complex corre-
sponding to the Swc5•[H2A–H2B] complex was observed
[Figure 3C and D, Swc5•(A-B)]. In a separate experiment,
stable Swc5•[H2A–H2B] complex was similarly detected
when recombinant Swc5, H2A, and H2B polypeptides were
refolded by dialysis and then analyzed by gel filtration (Sup-
plementary Figure S6). Since H2A–H2B dimer is a product
of the histone replacement reaction, the preferential binding
of Swc5 to H2A–H2B implies that Swc5 may facilitate the
histone exchange process by stabilizing the histone ejection
step.

To further understand the functional importance of the
interaction between Swc5 and H2A–H2B, excess free H2A–
H2B dimers were used to block the putative H2A–H2B
binding site of Swc5 within SWR in an attempt to inhibit
the histone exchange reaction in vitro. As expected, a re-
duction in the formation of AZ and ZZ nucleosomes was
observed when excess H2A–H2B dimers were present (Fig-
ure 3E, compare lanes 2 and 6). Next, we used free Swc5 as
a histone chaperone to relieve the inhibitory effect of the ex-
cess H2A–H2B dimers in trans. When equimolar amounts
of free Swc5 and H2A–H2B were added, the ability of SWR
to incorporate H2A.Z–H2B was partially restored (Figure
3E, compare lanes 6 and 8). The incorporation of H2A.Z–
H2B was increased further when even more Swc5 was used
(Figure 3E, compare lanes 8 and 10). Nap1, which binds
both H2A–H2B and H2A.Z–H2B (29,50), was ineffective
in relieving the H2A–H2B inhibition (Figure 3F, compare
lanes 4, 6 and 8).

One possible role of Swc5 is that it acts as an evictor of
H2A–H2B during the histone exchange process. Alterna-
tively, Swc5 may function as a gatekeeper to prevent the
misincorporation of H2A–H2B into the AA nucleosome.
However, since both the free and nucleosomal H2A–H2B
dimers were untagged, we cannot tell if the diminished
H2A.Z–H2BFL insertion was caused by competitive H2A–
H2B misincorporation or by inhibition of the directional
H2A-to-H2A.Z exchange (Figure 3E, lane 6). To distin-
guish between these possibilities, excess H2A–H2BFL (i.e.
with a 3xFLAG tag on H2B) was used to assess the degree
of H2A–H2B misincorporation (Figure 3G). The results
showed the level of H2A–H2BFL misincorporation was in-
significant, arguing against competitive inhibition by H2A–
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Figure 2. Swc5 is required for SWR ATPase activation. (A) Left panel: The ATPase activity of wild-type SWR (1.2 nM) in the presence or absence of AA
nucleosomes (20 nM) and H2A.Z–H2BFL (Z-B) dimers (40 nM). Blue: enzyme alone control; red: enzyme plus H2A nucleosome; green: enzyme plus H2A
nucleosome and H2A.Z–H2B dimer. Right panel: Same as the left, except that the mutant SWR[swc5�] was used. (B) Initial rates were calculated based
on the averages of three independent reactions for each enzyme in (A). Error bars represent the standard deviation. (C) ATPase activities of SWR[swc5�]
alone (left) and SWR[swc5�] plus recombinant Swc5 (right). It is necessary to repeat the ATPase assay for the SWR[swc5�] alone control since the reaction
buffer composition was different from (A) when recombinant Swc5 was added to the reaction. (D) Quantification of the reactions of (C) as in (A).

H2B misincorporation. Rather, our data suggest that the
Swc5 subunit of SWR functions as a specific H2A–H2B
chaperone in assisting the eviction step of the histone ex-
change reaction.

The conserved BCNT domain of Swc5 is required for H2A.Z
deposition

Swc5 is conserved from yeast to humans (Supplementary
Figure S7). Yeast Swc5 is a 303-amino-acid (aa) protein.
Informatics predicts that over half of the polypeptide se-
quence on the N-terminal side is disordered (based on Pr-
DOS), interrupted mainly by two short (∼15–35 aa) struc-
tural elements (Supplementary Figure S7A) (51). Twenty-
five of the first 54 residues in the disordered N-terminus
are the negatively charged aspartate and glutamate residues,
thus averaging a pI of <4 within this region (Figure 4A, and
Supplementary Figure S7A, D/E domain). By contrast, the
C-terminal end starting from residue 234 of the yeast pro-
tein is associated with strong alpha helical characteristics
(based on Phyre2) (52). This region overlaps a highly con-
served domain called Bucentaur or BCNT (Pfam: PF07572)
(Figure 4A and Supplementary Figure S7A).

To understand how these different regions of Swc5 are in-
volved in H2A.Z deposition, mutants of SWC5 were tested
for their ability to complement swc5Δ yeast. Cells defec-

tive for SWR-mediated H2A.Z deposition are sensitive to
formamide (19). As expected, swc5Δ yeast failed to grow
on formamide (Figure 4B). This growth defect was rescued
by a single-copy episomal plasmid containing SWC5 (Fig-
ure 4B). To determine whether the BCNT domain is im-
portant for Swc5 function, alleles encoding truncations of
the Swc5 C-terminus were constructed: swc5 (1–254*) and
swc5 (1–232*), where asterisks indicate stop codons. Both
swc5 (1–254*) and swc5 (1–232*) failed to complement
swc5Δ for growth on formamide (Figure 4B). To determine
the functional significance of two highly conserved motifs
near the N-terminal side of the BCNT domain, TTLEKS
and LDW, these motifs were mutated to alanines. Both the
swc5(TTLEKS→6A) and swc5(LDW→3A) failed to com-
plement, indicating that at least one of the amino acids in
each domain is essential for SWC5 function (Figure 4C-
D). By contrast, an allele substituting the semi-conserved
FAGE motif within the 35-aa structural element with ala-
nines complemented almost the same as SWC5 (Figure
4D). The conserved acidic D/E domain at the N-terminus is
not required for SWC5 function as the swc5 (79–303) mu-
tant was capable for rescuing swc5Δ (Figure 4C). But when
the N-terminus was truncated further to position 146, the
resulting swc5 (147–303) mutant was no longer functional
(Figure 4C).
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Figure 3. Swc5 forms a complex with H2A–H2B, but not H2A.Z–H2B. (A and B) Gel filtration elution profiles of the H2A.Z–H2B (Z-B) dimer alone
(black), Swc5 protein alone (blue), and Swc5 mixed with Z-B (red). The numbers oriented vertically correspond to the chromatographic fractions indicated
in (B), which shows the SDS-PAGE analysis of the chromatographic fractions. (C) Gel filtration profiles of the H2A–H2B (A–B) dimer alone and Swc5
plus A-B. Asterisk indicates that the same Swc5 profile was used for both (A) and (B). (D) SDS-PAGE analysis of (C). SYPRO Ruby was used to stain
the proteins in (B) and (D). (E) SWR-mediated histone exchange in the presence or absence of excess H2A–H2B and/or free Swc5. The initial substrate
concentration of H2A nucleosomes (Nuc) was 15 nM, which was defined as 1×. (F) Same as E, except that Swc5 was replaced by Nap1 in lanes 7 and 8.
(G) Same as E, except that H2A–H2BFL (A–BF) was used. FF, nucleosomes with two FLAG tags; F, with one FLAG tag; no F, with no FLAG.
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Figure 4. Domain analysis of Swc5 by genetic complementation. (A) A cartoon representation of Swc5 highlighting the conserved domains and motifs,
as well as amino acid positions relevant to the domain analysis. The heatmap below represents the theoretical pI calculated from a moving window of 20
amino acids (aa) at a resolution of 10 aa. (B–D) Formamide sensitivity of various swc5 mutants. The swc5Δ haploid (yEL274) was transformed with URA3
CEN ARS plasmids containing various alleles of SWC5 under the control of the endogenous SWC5 promoter. The SWC5 haploid (BY4741) transformed
with the URA3 vector was included as a control. Plasmid genotypes are written in brackets.

The inability of the BCNT domain mutants to comple-
ment the phenotype of swc5Δ could be indirect. For exam-
ple, the BCNT domain may be required for protein folding
or stability in vivo. Western analysis of whole cell extracts
using a polyclonal antibody raised against the full length
Swc5 showed the protein levels of swc5(TTLEKS→6A) and
swc5(LDW→3A) were similar to wild type arguing against
protein instability being the reason for the failure of these
mutant to complement swc5� (Supplementary Figure S8).
Because truncation of Swc5 may remove epitopes resulting
in an artifactual reduction of signal on immunoblots, these
mutants were not included. To further confirm whether
BCNT domain has a direct role in the chromatin remodel-
ing function of SWR, Swc5 protein and its mutant deriva-
tives were purified from E. coli and added back individually
to the histone exchange reactions. Stoichiometric amounts
of wild-type or mutant Swc5 proteins (2.5 nM) were test
for their ability to restore the activity of SWR[swc5�] (2.5
nM) in vitro (Figure 5A–D). A good correlation was ob-
served between the ability to generate the AZ and ZZ nu-
cleosomes and growth on formamide (Figures 4B–D and
5C–D). None of the mutants of the BCNT domain [i.e.
swc5 (1–254*), swc5 (1–232*), swc5(TTLKES→6A), and
swc5(LDW→3A)] were able to rescue SWR[swc5�] (Fig-
ure 5C and D).

One explanation for the loss of function in the BCNT do-
main mutants is that this region of Swc5 mediates the inter-

action with SWR. To test this possibility, SWR[swc5�] was
immobilized on anti-FLAG beads and was incubated with
an excess amount of wild-type Swc5 or the swc5 (1–232*)
mutant. The complexes were then liberated from the beads
by FLAG peptide elution and analyzed by SDS-PAGE and
SYPRO Ruby staining to detect the proteins (Figure 5E,
compare lanes 2 and 3). Stoichiometric amounts of Swc5
and the BCNT truncated swc5 (1–232*) co-eluted with the
components of the SWR[swc5�] complex, indicating that
the core region of the BCNT domain (Supplementary Fig-
ure S7) is not required for binding SWR but is likely in-
volved in some mechanistic steps during the histone ex-
change reaction.

It should be noted that the recombinant Swc5 has a larger
molecular weight than the native Swc5 (Figure 5E, compare
lanes 2 and 5). This was due to the presence of the epitope
tag at the N-terminus of Swc5. The tag did not interfere with
SWR activity as removing the tag by thrombin cleavage did
not enhance Swc5′s ability in rescuing SWR[swc5�] (Sup-
plementary Figure S9).

The acidic N-terminal domain of Swc5 enhances SWR activ-
ity by preferentially binding to the H2A–H2B dimer

In vivo, the N-terminal D/E domain truncation mutant
swc5 (79–303) complements the swc5Δ cells to a similar
level as SWC5 (Figure 4C). However, the rescue of the in
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Figure 5. Domain analysis of Swc5 by complementation of SWR[swc5�] activity in vitro. (A and B) Recombinant yeast Swc5 and mutant variants and
were analyzed by SDS-PAGE and SYPRO Ruby staining. (C and D) Histone exchange activity of SWR[swc5�] was assayed as described in Figure 1H but
in the presence or absence of 2.5 nM purified Swc5 and mutant variants (i.e. equimolar relative to SWR[swc5�]). The band intensity corresponding to the
AA nucleosome (blue) and the combined intensities for the AZ/ZA/ZZ products (red) were quantified in the bottom panel. (E) Lanes 1–4: SDS-PAGE
analysis and SYPRO Ruby staining of Swc5 and its mutant variants that co-eluted with the SWR[swc5�] complex. Red arrowheads indicate the position
of the recombinant Swc5 protein bands. Lane 5–6: Purified wild-type SWR and SWR[swc5�] were loaded in the same gel for comparison.
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vitro histone exchange activity of SWR[swc5�] is only par-
tial when the swc5 (79–303) protein was used (Figure 5D,
compare lanes 4 and 6). This result suggests that the D/E
domain of Swc5 is required for optimal chromatin remodel-
ing activity. Since proteins with acidic domains are known
to bind to free histones (53), we hypothesized that the D/E
domain is responsible for the preferential binding of the
H2A–H2B dimer as seen in Figure 3C-D. To test this, re-
combinant H2A–H2B was incubated with swc5 (79–303)
followed by injection into the gel filtration column. Without
the acidic D/E domain, no ternary complex between swc5
(79–303) and H2A–H2B was formed (Figure 6A and B).
By contrast, the swc5 (1–232*) mutant, which lacks the C-
terminal BCNT domain, formed a higher molecular weight
complex with H2A–H2B [labeled as swc5 (1–232*)•(A-B)
in Figure 6C and D], indicating that the BCNT domain is
not required for H2A–H2B binding. These results support
the idea that the acidic N-terminal D/E domain, called the
Swc5-A domain hereafter (conforming with the nomencla-
ture of the histone binding domains of SWR), is required
for binding to the H2A–H2B dimer.

Since SWR[swc5�] is capable of binding to the AA nu-
cleosome, the fact that Swc5 can bind to the H2A–H2B
dimer raises the possibility that the subunit contributes to
the binding of the nucleosome substrate. To test this, Swc5
was incubated with the AA nucleosome and the mixture was
then separated on a sucrose gradient. No apparent interac-
tion was observed between Swc5 and the AA nucleosome
(Supplementary Figure S10).

To test if Swc5-A domain is required for relieving the in-
hibitory effect of excess H2A–H2B on SWR activity, the
purified swc5 (79–303) was added to the in vitro histone
exchange reaction that was inhibited by excess H2A–H2B.
As seen in Figure 6E, swc5 (79–303) did not improve the
formation of AZ and ZZ nucleosomes relative to the con-
trol without free Swc5 (Figure 6E, compare lanes 4, 6 and
10). By contrast, the BCNT truncation mutant swc5 (1–
232*), which contains the intact Swc5-A domain, was able
to partially relieve the inhibitory effect of the free H2A–
H2B dimers (Figure 6E, compare lanes 4, 6 and 8). These
findings support the idea that the interaction between Swc5-
A and H2A–H2B is functionally important for the SWR-
mediated histone exchange reaction.

DISCUSSION

Proposed mechanisms on how Swc5 couples substrate recog-
nition to ATPase stimulation

Swc5 is essential for SWR-mediated H2A.Z deposition in
vitro and in vivo, but how this subunit participates in the hi-
stone exchange mechanism was unclear (25,34). This work
shows that Swc5 is required for optimal stimulation of the
SWR ATPase when the remodeler is bound to the in vivo
histone substrates, i.e. H2A-containing nucleosomes and
H2A.Z–H2B dimers (Figure 7, symbolized by the orange ar-
rows). The next question is how Swc5 stimulates the SWR
ATPase at the mechanistic level. One possibility is that Swc5
may function as a linchpin that holds the Swr1 polypeptide
scaffold in a conformation that is capable to be activated.
Alternatively, but not exclusively, Swc5 may act as a molecu-
lar lever that transduces the conformational change caused

by the binding of the histone substrates to a regulatory com-
ponent of Swr1 ATPase to lift its inhibition.

Crosslinking analysis of native SWR followed by mass
spectrometry revealed proximity of Swc5 to the Swr1
polypeptide at regions near the ATPase domain and the
HSA domain, which has been implicated in ATPase regu-
lation (33,54). Biochemical studies further showed that sta-
ble interaction of Swc5 to the SWR complex requires two
regions flanking the Swr1 ATPase domain: a 17-aa region
at the C-terminus of Swr1 and a region immediately down-
stream of the HSA domain called the post-HSA domain
(44,54). In the RSC remodeler complex, the HSA domain,
which serves as a platform for the assembly of the actin-
related proteins Arp7 and Arp9, and Rtt102, together with
the post-HSA domain, couple ATPase activity to histone
movement (54,55). Similar regulatory function may be ex-
erted by the Swr1 HSA and post-HSA domains and its as-
sociating factors actin (Act1) and Arp4 (54,56) (Figure 7). A
recent study showed Swc5 is physically linked to one of two
actin subunits within SWR (44), suggesting that this actin
could be working together with Swc5 to regulate ATPase
motor activity.

Interestingly, the same study also showed SWR without
Swc5 exhibits normal ATPase stimulation when bound by
AA nucleosomes, in contrast to our results (44). The cause
of the discrepancy is unknown but could be due to the
different sources of SWR used in the in vitro assays. Our
SWR[swc5�] complex was purified from yeast and may
contain native post-translational modification(s) that sup-
press substrate-dependent ATPase activation when Swc5 is
absent. The yeast SWR[swc5�] complex purified by Lin et
al. was expressed in insect cells and may lack such regula-
tory modification(s) (44).

Activation of the SWR ATPase also requires the Swc2
subunit (57). SWR purified from swc2Δ cells lacks Swc2
and Swc3 and is deficient for the Swc6, and Arp6 sub-
units (32,34). The resulting SWR[swc2�] complex has no
histone exchange activity and the SWR ATPase cannot be
activated by the histone substrates (57). However, unlike
SWR[swc5�], the SWR[swc2�] complex has strong defects
in the binding of AA nucleosomes and H2A.Z–H2B dimers
(32,34). This binding defect could be the basis for the loss
of ATPase activation in SWR[swc2�].

Incubating recombinant Swc5 with native SWR[swc5Δ]
purified from yeast restored the H2A.Z deposition activ-
ity of the complex in vitro. This result suggests that Swc5
binds to the SWR complex at a location that is solvent ac-
cessible. However, the rescue of the histone exchange ac-
tivity was partial even when recombinant Swc5 was bound
to the SWR complex stoichiometrically. One explanation
could be that Swc5 is covalently modified in vivo to allow
optimal activation of SWR. Consistent with this idea, mass
spectrometry studies have identified phosphorylation sites
in the yeast Swc5 and the human CFDP1 homolog (58,59).
Alternatively, but not exclusively, Swc5 may be important
to stabilize the rest of the SWR components. In the absence
of Swc5, some critical components of SWR may have disso-
ciated irreversibly after purification, preventing the partial
complexes from being rescued by the recombinant Swc5.
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Figure 6. The acidic Swc5-A domain is required for H2A–H2B binding. (A and C) Gel filtration profiles of H2A–H2B (A-B) alone (black), swc5 truncation
mutant proteins alone (blue), or the Swc5 mutant proteins mixed with A-B dimers (red). B and D are the SDS-PAGE analysis of the corresponding fractions
in A and C, respectively. Gel filtration runs were performed as described in Figure 3. The # sign indicates that the H2A–H2B elution profile from Figure
3C was re-plotted in A and C as reference. (E) SWR-mediated histone exchange in the presence of excess H2A–H2B and in the presence or absence of Swc5
or its mutant variants. The reaction conditions are the same as Figure 3E.

The conserved Swc5-A domain is required for specific H2A–
H2B binding

An outstanding question in the understanding of SWR-
mediated histone exchange reaction is whether the remod-
eler assists in the eviction of the H2A–H2B dimer (9).
Our work has uncovered a previously unknown function of
Swc5––the preferential binding to the H2A–H2B dimer to
assist its eviction during the histone exchange process. The
binding specificity of Swc5 for H2A as a free dimer with
H2B rather than H2A in the context of the nucleosome sug-
gests that Swc5 recognizes at least part of the surface on
the H2A–H2B dimer that is excluded by the DNA or the
other histones within a nucleosome. The Swc5-A domain
is predicted to be unstructured, suggesting that induced

folding is expected upon binding to the H2A–H2B dimer.
Similar examples have been documented for several histone
binding domains, including the Chz-domain of Chz1, the
Swr1-Z domain of Swr1, and the Swc2-Z domain of Swc2
(42,60,61). But unlike the aforementioned examples, where
the H2A.Z–H2B dimer is the preferred binding partner, the
Swc5-A domain of Swc5 prefers H2A–H2B.

Although the Swc5-A domain is required for optimal
H2A.Z deposition in vitro, it is dispensable in vivo based on
the formamide plate test, which is a proxy for in vivo H2A.Z
deposition. One explanation for this discrepancy is that the
in vitro exchange assay is more sensitive and thus is capa-
ble of revealing the partial H2A.Z deposition defect of the
Swc5-A domain truncation mutant, whereas the formamide
test can tolerate the suboptimal deposition of H2A.Z. Al-
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Figure 7. A cartoon highlighting the molecular role of Swc5 in the SWR-
mediate histone exchange reaction. Half brackets: binding sites for AA nu-
cleosome (purple), histone tail modifications (red), H2A.Z–H2B (green),
and ATP (gray). The binding of SWR to its substrates involves the Swc2
and Swr1 subunits (depicted by the overlaps between the yellow/blue re-
gions and the brackets). The Swc2-Z domain binds H2A.Z–H2B and a
basic region in Swc2 binds the NFR next to the +1 nucleosome. The Swr1-
Z domain contributes to the binding of H2A.Z–H2B. Swc5 couples sub-
strate recognition to the activation of the SWR ATPase (orange arrows).
The acidic Swc5-A domain at the N-terminus of Swc5 preferentially binds
to the H2A–H2B dimer to facilitate the ejection step of the histone ex-
change process.

ternatively, the H2A–H2B eviction defect may be compen-
sated for inside the cell by other histone chaperone(s), such
as FACT, but probably not Nap1 (Figure 3F) (62). An un-
structured acidic region similar to the yeast Swc5-A do-
main is found in virtually all Swc5 homologs with the excep-
tion of plant Swc5 (Supplementary Figure S7A). Perhaps,
in plants, the individual histone chaperone proteins play a
more dominant role in cooperating with SWR to facilitate
the H2A eviction step.

The BCNT core is essential for the histone exchange activity
of SWR

Swc5 is well conserved among eukaryotes and is known
as BCNT in ruminants, CFDP1 in humans, CP27 in mice,
and YETI in flies (58,63,64). BCNT was first identified
in ruminants where part of the Bcnt gene was duplicated
and fused in-frame with an endonuclease domain derived
from a bovine-specific retrotransposon, hence the name Bu-
centaur (65). However, the BCNT-endonuclease fusion is
unique to ruminants. The full-length Swc5 homologs found
in all eukaryotes, including ruminants, contain the con-
served 73-amino-acid BCNT domain (Pfam: PF07572) at
the C-terminus (66). The conservation found in the yeast
Swc5 is more restricted to a 55-amino-acid core region (57-
amino-acid in humans) that is termed the BCNT core do-
main in Supplementary Figure S7B. Secondary structure
informatics indicates strong alpha helical characteristics in
the BCNT core, within which a consensus motif [K�(T/S)
(T/V)LEK(S/T)-xx-DW-xx-(F/Y)] revealed a striking or-
ganization of eight highly conserved residues (highlighted

in bold) along one face of the predicted alpha helix (Sup-
plementary Figure S11, underlined in pink). Alanine substi-
tutions within the motif in yeast Swc5 (i.e. TTLEKS→6A
and LDW→3A) completely abolished its function in vivo
and in vitro. Similarly, truncating the BCNT core at the C-
terminal half also abrogated Swc5 function. These experi-
ments therefore confirm the requirement of the BCNT core
in the SWR-mediated remodeling reaction. It is important
to point out, however, that the BCNT core is not required
for binding the H2A–H2B dimer during the ejection step.
Therefore, the Swc5-A domain and the BCNT core domain
on the opposite ends of the Swc5 polypeptide play indepen-
dent roles in the H2A.Z deposition process (Figure 7).

Given the conservation of Swc5 and the central role it
plays in the histone exchange reaction of SWR, it was there-
fore surprising that CFDP1 was absent in the original purifi-
cation of SRCAP and EP400, the human SWR complexes
(67,68). A more recent high-throughput proteomic study
has found that CFDP1 co-elutes with SRCAP and DMAP1,
which are the human homologs of Swr1 and Swc6, suggest-
ing direct physical interaction (69). However, the molecu-
lar role of CFDP1 in H2A.Z deposition remains to be con-
firmed. Recent studies in flies suggested that YETI plays
a chromatin remodeling role (64). However,Yeti mutants
exhibited a massive chromosomal defect that is associated
with loss of all histones (not just H2A.Z) (64). Therefore,
the direct role of YETI in H2A.Z deposition remains to be
seen.

An updated model of SWR-mediated histone exchange

In yeast cells, the SWR complex is targeted to the proxim-
ity of its sites of action, e.g. the promoters, by the affinity
of the histone code reader modules to acetylated histone
tails (35,36). SWR then engages the +1 nucleosome in a
process driven by the affinity of the basic region in Swc2
to the exposed DNA region at the NFR (32). On one hand,
the Swc2-Z and the Swr1-Z domains accept the delivery of
H2A.Z–H2B by the histone chaperones (Figure 7) (42,60).
On the other hand, the ATPase motor on Swr1 engages the
DNA on the H2A-containing +1 nucleosome (30). As both
histone substrates are bound, the unique structural features
of H2A.Z in the dimer and those of H2A in the nucleosome
trigger the activation of the Swr1 ATPase, a process requir-
ing Swc5. The DNA translocation activity exerted by the
Swr1 ATPase on the tracking DNA strand near the SHL2
position of the nucleosome disrupts the histone-DNA in-
teraction for one of the two H2A–H2B dimers (30). As the
H2A–H2B dimer dissociates from what will become a hex-
asome, the unstructured Swc5-A domain of Swc5 wraps
around the dimer to assist the eviction process. Without re-
leasing the hexasome, the H2A.Z–H2B that is held in prox-
imity by the Swc2-Z and/or Swr1-Z is inserted into the apo
site on the hexasome in a coupled manner as H2A–H2B is
removed (31). The DNA disengages with the ATPase motor
and snaps back onto the H2A.Z–H2B dimer, thereby restor-
ing the nucleosomal structure without repositioning the hi-
stone octamer. The enzyme dissociates from the resulting
heterotypic AZ nucleosome and re-engages with the oppo-
site side of the nucleosome to repeat the histone exchange
process (31).
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The next challenges will be to continue to tease out the
mechanistic steps of the SWR-mediated histone exchange
reaction. With regard to Swc5, where is its location in the
context of the SWR complex structure, and what struc-
tural elements on the H2A–H2B dimer does Swc5 recog-
nize? What role does covalent modifications on Swc5 play, if
any, in the histone exchange process? Given the strong con-
servation of the BCNT domain, is it recognized by other
proteins? These are some of the questions that will be ad-
dressed in our future studies.
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