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The chromatin accessibility complex (CHRAC) is an abundant, evolutionarily conserved nucleosome re-
modeling machinery able to catalyze histone octamer sliding on DNA. CHRAC differs from the related ACF
complex by the presence of two subunits with molecular masses of 14 and 16 kDa, whose structure and function
were not known. We determined the structure of Drosophila melanogaster CHRAC14-CHRAC16 by X-ray
crystallography at 2.4-Å resolution and found that they dimerize via a variant histone fold in a typical
handshake structure. In further analogy to histones, CHRAC14-16 contain unstructured N- and C-terminal
tail domains that protrude from the handshake structure. A dimer of CHRAC14-16 can associate with the N
terminus of ACF1, thereby completing CHRAC. Low-affinity interactions of CHRAC14-16 with DNA signifi-
cantly improve the efficiency of nucleosome mobilization by limiting amounts of ACF. Deletion of the negatively
charged C terminus of CHRAC16 enhances DNA binding 25-fold but leads to inhibition of nucleosome sliding,
in striking analogy to the effect of the DNA chaperone HMGB1 on nucleosome sliding. The presence of a
surface compatible with DNA interaction and the geometry of an H2A-H2B heterodimer may provide a
transient acceptor site for DNA dislocated from the histone surface and therefore facilitate the nucleosome
remodeling process.

ATP-dependent nucleosome remodeling endows chromatin
with dynamic properties that permit adjustment of structure
and gene function in response to developmental or environ-
mental cues (3, 37). SNF2-type ATPases that catalyze transi-
tions of canonical nucleosome structure commonly reside in
large protein complexes (14). The function of the other factors
associated with the ATPase is unclear in most cases, but reg-
ulatory or targeting roles are presumed. The nucleosome re-
modeling ATPase ISWI is an integral part of several distinct
complexes with diverse functions, including chromatin assem-
bly, chromosome replication, and gene transcription (12, 30, 36).
Because most ISWI complexes known are built of a relatively
small number of subunits, they lend themselves to biochemical
and mechanistic analysis. The most simple physiological chro-
matin remodeling factors are made of ISWI and one member
of the BAZ/WAL family of proteins that are characterized by
several evolutionary conserved structures, including PHD fin-
gers and bromodomains. Prominent examples are ACF,
NoRC, and WICH/WCRF complexes (5, 7, 27, 43). Judged by
the presence of conserved sequence elements and domains,
BAZ/WAL proteins are multifunctional, but only a few func-
tions have been described. Some surfaces may integrate the
remodeling function into physiological processes, as is clear in
the case of Tip5, which targets SNF2H, the vertebrate homo-
logue of ISWI, to rRNA gene promoters (42, 43). Likewise,

NURF301 can be recruited to promoters by transcription ac-
tivation domains (1, 48). However, our analysis of ACF1 re-
vealed that BAZ/WAL proteins are not just involved in targeting
but are active components of the nucleosome remodeling mech-
anism. Association of ACF1 with ISWI (constituting the ACF
complex) improves the energy efficiency of catalysis by an order of
magnitude and modulates the precise outcome of nucleosome
mobilization (15). Nucleosome sliding requires interaction of the
SLIDE domain of ISWI with nucleosomal DNA (22). We re-
cently found that contacts of the PHD fingers of ACF1 with the
histone body contribute a crucial anchor point on the nucleo-
some substrate that enables efficient conversion of the force
generated by ATP hydrolysis into disruption of DNA-histone
interactions (17).

The metazoan chromatin accessibility complex (CHRAC) is
formed by association of two small proteins of 14 and 16 kDa
with ACF1 and ISWI (11, 40). The yeast ISW2 complex also
contains a pair of histone fold proteins and thus appears to be
related to CHRAC (26, 35).

The histone folds in CHRAC14 and CHRAC16 have been
predicted by sequence analysis, but they so far have not been
characterized in any detail. In the present work, we determined
the crystal structure of a CHRAC14-16 heterodimer from Dro-
sophila melanogaster, which indeed revealed two variant his-
tone folds that interact in a histone-like handshake manner.
Histone fold motifs are novel structures in a nucleosome re-
modeling machinery. Related structures are used for het-
erodimerization in the transcription regulators NFYB-NFYC
(CBFA-CBFC) (49), HAP3-HAP5 (2), and NC2�-NC2� (21).
Histone folds are abundant in the basal transcription factor
TFIID, where they mediate dimerization of several TBP-asso-
ciated factors (4, 20). Recently, Kukimoto and colleagues
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described the interaction of the human CHRAC14-CHRAC16
homologues with hACF1 and showed that the presence of the
two proteins facilitated nucleosome sliding in vitro (29). We
show here that these functional interactions are conserved in
the Drosophila complex. Our detailed analysis of the DNA
binding properties of the CHRAC14-16 heterodimer suggests
that these proteins function as DNA chaperones in striking
analogy to nucleosome sliding enhancement previously ob-
served for HMGB1 (6).

MATERIALS AND METHODS

Cloning of bicistronic p14-p16 expression vectors. The CHRAC16 coding
sequence was amplified by PCR from the plasmid pET24d-CHRAC16 (11), with
a 5� primer introducing a linker including an NdeI site and an internal ribosomal
entry site upstream of the CHRAC16 start codon and the following sequence:
5�-GGGGGTCTCGAATTCAATAATTTTGTTTAACTTTAAGAAGGAGAT
ATACATATGGGCGAACCAAGGAGCCAA-3� (modified after reference 34).
The ribosomal entry site is underlined, the CHRAC16 CDS is shown in italics.
The 3� primer introduced an XbaI site downstream of the CHRAC16 stop codon
(5�-GCCGGTCTCGAATTCTAGACTATTCATCAGACTCCGATTC-3�; CHRAC16
CDS is shown italics.). The ends of the PCR fragment included two EcoRI sites
masked by BsaI sites. The BsaI-digested PCR fragment was cloned into the
EcoRI site of the CHRAC14 expression plasmid pGEX2T-CHRAC14 (11). In a
second step, the NdeI site was used to insert a 57-bp DNA fragment (5�-TAT
GGTTAACCATCATCACCATCACCACCATCACGAGAATTTGTATTT
TCAGGG-3�) encoding an N-terminal eight-histidine tag and a TEV cleavage
site. The deletion mutants CHRAC14�N (�2 to 8), CHRAC14�C (1 to 108),
CHRAC16�N (�2 to 18), and CHRAC16�C (1 to 117) were produced by
site-directed mutagenesis using the QuikChange mutagenesis kit (Stratagene) on
the bicistronic expression plasmid. All constructs were verified by sequencing.

Expression and purification of p14-p16 in Escherichia coli. Full-length Dro-
sophila p14-p16 and deletion variants were expressed from the bicistronic plas-
mids in E. coli BL21(DE3)(pLysS). Colonies were grown in LB medium con-
taining 100 �g/ml ampicillin and 34 �g/ml chloramphenicol at 37°C to an optical
density (at 600 nm) of 0.8 and induced with 0.3 mM isopropyl-�-D-thiogalacto-
pyranoside (IPTG) at 30°C for 3 h. Bacterial cell pellets were resuspended in
phosphate-buffered saline (PBS) containing protease inhibitors (0.2 mM phenyl-
methylsulfonyl fluoride, 2 �g/ml aprotinin, 0.7 �g/ml pepstatin, 1 �g/ml leupep-
tin). Cells were lysed by sonication, and the cell extract was passed over gluta-
thione-Sepharose 4B beads (Amersham) equilibrated in PBS–0.05% NP-40.
Beads were washed in 20 column volumes PBS500 (PBS with 500 mM NaCl,
0.05% NP-40) and 10 column volumes PBS–0.05% NP-40. The protein was
either eluted from the beads with 100 mM Tris, pH 8.0, 50 mM KCl, 30 mM
glutathione (Sigma) or cleaved off the glutathione S-transferase (GST) tag with
thrombin (Amersham) according to the manufacturer’s protocol. The protein
was then passed over an Ni2�-loaded 1-ml Hi-Trap chelating fast protein liquid
chromatography column (Amersham) and eluted with an imidazole gradient
(0 to 500 mM) in HEMG500 buffer (25 mM HEPES, pH 7.6, 500 mM KCl,
12.5 mM MgCl2, 0.1 mM EDTA, 10% glycerol). The heterodimer eluted at
approximately 170 mM imidazole. For crystallization, the CHRAC16 C-terminal
His tag was cleaved off by TEV protease. After cleavage, the protein was passed
over the Ni2� column again and collected from the flowthrough. Finally, the
p14-p16 heterodimer was applied to a Superdex 200 or Superdex 75 gel filtration
column, respectively (depending on the presence or absence of the GST tag).
Peak fractions were pooled and concentrated. The protein concentration was
determined using the Bio-Rad protein assay.

Crystallization and structure determination. Crystallization experiments were
performed using a Cartesian crystallization robot (Genomic Solutions) with drop
sizes of 0.2 �l protein solution mixed with 0.2 �l reservoir solution at a concen-
tration of 35 mg/ml heterodimer. Crystals grew under several conditions of the
Hampton Index screen. The largest crystals grew as regular rhomboids with sizes
of 350 by 200 by 100 �m3 above a reservoir containing 0.1 M citric acid, pH 3.5,
2 M ammonium sulfate (condition 1, Index screen). The space group of these
crystals is P3221: a, 76.0 Å; c, 166.1 Å; �, 120°. A second crystal form yielding
crystals sufficiently large for data collection was obtained with 0.1 M HEPES, pH
7.5, 12% (wt/vol) polyethylene glycol 3350, 5 mM CoCl2, 5 mM NiCl2, 5 mM
CdCl2, 5 mM MgCl2 (condition 64, Index screen) as the reservoir solution. Those
crystals grew as cubes of 100 by 100 by 100 �m3 and possess space group P4212: a,
130.5 Å; c, 59.7 Å. An initial data set of crystal form I, space group P3221 was
collected at ESRF beam line ID14-4 to 2.4 Å resolution (Table 1). Attempts to

solve the structure of this crystal form by molecular replacement failed. There-
fore, we used the second crystal form (space group P4212) to solve the structure
by single isomorphous replacement combined with anomalous scattering using
data from a native crystal and a methylmercury acetate derivative collected at
ESRF beam line ID29 (Table 1). Two major heavy-atom sites were located and
refined with the program SOLVE (45), and the initial single isomorphous re-
placement combined with anomalous scattering map was further improved by
solvent flattening and histogram matching using the program RESOLVE (44).
The two mercury atoms were bound to Cys49 of CHRAC16 in both heterodimers
present in the asymmetric unit and served as starting points for model building.
The structure was manually built using the program O (28) and refined with the
program CNS (8) against native data of this crystal form. The refined model was
subsequently used to locate both heterodimers of the asymmetric unit in crystal
form I (space group P3221) using the program AMORE (10) followed by re-
finement using the program CNS. The models in both crystal forms possess
excellent stereochemistry. The final refinement statistics in both crystal forms are
given in Table 1.

FLAG affinity purification from Sf9 cell extract. Sf9 cells were coinfected with
baculovirus vectors carrying p14FLAG-HISp16 (pFASTBACDual; Invitrogen)
and ACF1-myc full-length and deletion constructs (pFASTBAC; Invitrogen)
(16) and grown for 48 h at 26°C. Cells were washed in PBS containing protease
inhibitors, resuspended in EX100 buffer containing protease inhibitors (20 mM
HEPES, pH 7.6, 100 mM KCl, 1.5 mM MgCl2, 0.5 mM EDTA, 10% glycerol,
0.05% NP-40), and lysed by two freeze-thaw cycles and mild sonication. The
extract was incubated with 10 �l FLAG beads (Sigma) per 12 � 106 cells while
rotating for 2 to 3 h at 4°C. Beads were washed once with EX100, three times
with EX500 (500 mM KCl), and once again with EX100 buffer. Bound protein
was eluted with FLAG peptide overnight at 4°C. ACF1-myc constructs were
detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotting using the 9E10 anti-myc antibody (Sigma).

In vitro translation. ACF1 derivatives were translated in vitro using the TNT
system (Promega). Constructs were either expressed from pSPORT (Invitrogen)
or pING14A (23) vectors and labeled with [35S]methionine and [35S]cysteine
(ratio, 70% to 30%) during the reaction.

GST pull-down assays. Glutathione-Sepharose 4B beads (Amersham) were
equilibrated with EX250 buffer (250 mM KCl). The beads were loaded with
GST, GSTp14, GSTp14-p16, and deletion constructs with a final concentration
of 0.75 mg of protein/ml of beads by rotating overnight at 4°C. Beads were
washed twice with EX250. To 25 �l of these beads, in vitro-translated ACF1
constructs were bound by rotating in a total volume of 100 �l (EX250 buffer) for
3 h at 4°C. Beads were washed once with EX250, three times with EX500 buffer,
once with EX250, and once with EX100 buffer. Protein on the beads was sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and signals
were enhanced by incubation in Amplify solution (Amersham) for 30 min before
drying. Bound in vitro translation constructs were detected by exposure of the gel
to X-ray film.

Electrophoretic mobility shift assays (EMSA). Band shifts were either per-
formed with 0.5 nM radiolabeled 35-bp DNA (5�-CCCTATAACCCCTGCATT
GAATTCCAGTCTGATAA-3�), 72-bp DNA (linker sequence for cloning of the
bicistronic p14-p16 expression vector, see above), and 248-bp rRNA genes (32)
(see Fig. S5 in the supplemental material) or with 6 nM radiolabeled 248-bp
rRNA genes (see Fig. 6B) with the protein concentrations given in the figure
legends. Protein was allowed to bind to DNA for 10 min at room temperature.
DNA-protein complex formation was tested on 4.5% to 6.5% polyacrylamide
gels in 0.4� Tris-borate-EDTA. Gels were run for 3 to 5 h at 100 V.

Nucleosome sliding assays. Positioned nucleosomes were generated and used
for nucleosome mobility shift assays as described previously (16). Six-nanomolar
end-positioned mononucleosomes were incubated with purified wild-type (wt)
ACF or ACF �WAC (approximately 30 to 300 pM) (15) in EX50 buffer con-
taining 1 mM ATP and 0.2 mg/ml bovine serum albumin for 45 min at room
temperature. Where indicated, full-length and truncated p14-p16 heterodimers
were added to the sliding reaction mixtures in various concentrations as indicated
in the figure legends before the start of the reaction.

ATPase assay. The ATPase assay was performed as described previously (13)
with the following modifications. Standard reaction mixtures (15 �l) contained
50 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.5 mM 2-mercaptoethanol, 0.1 g/liter
bovine serum albumin, 20 �M ATP, 0.67 mM MgCl2, and 35 kBq [�-32P]ATP
(Amersham). The ATPase activity of 3 fmol ACF was determined in the pres-
ence of either 0.1 �g double-stranded DNA or the same amount of chromati-
nized DNA. Reaction mixtures were incubated at 26°C for 30 min.

Protein structure accession numbers. The coordinates and structure factors of
the CHRAC14-CHRAC16 heterodimer have been deposited with the PDB
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under accession numbers 2BYK and 2BYM for crystal forms I and II, respec-
tively.

RESULTS

Crystallization and X-ray structure determination of a
CHRAC14-CHRAC16 heterodimer. Since the ratio of CHRAC14
(p14) and CHRAC16 (p16) in CHRAC is 1:1, we applied a
coexpression strategy that yields stoichiometric amounts of p14-
p16. Crystals were obtained with one batch of protein under
several crystallization conditions; however, we realized that due to
inadvertent proteolytic trimming during preparation, an esti-
mated 2.5 kDa was removed from p16. Despite several attempts,
crystallization could not be repeated with full-length protein.
Crystallization yielded two crystal forms (Table 1). Initial at-
tempts to solve the crystal structure by molecular replacement
were unsuccessful. The structure of the p14-p16 heterodimer was
therefore solved in crystal form II by single isomorphous replace-
ment using a mercury derivative (Table 1). An initial model was
built and refined in this crystal form at 2.8-Å resolution, which
was subsequently used to solve crystal form I by molecular
replacement and to refine the structure at 2.4-Å resolution
(Fig. 1B).

Structure of a CHRAC14-CHRAC16 heterodimer. Our cur-
rent model in crystal form I contains p14 residues 7 to 98
(second molecule in the asymmetric unit, residues 11 to 99),

p16 residues 30 to 100 (second molecule in the asymmetric
unit, residues 33 to 98), 39 water molecules, and 3 sulfate ions.
In crystal form II, the structure of the heterodimer is very
similar, although ordered N- and C-terminal extensions are
slightly shorter. The overall structure of the p14-p16 het-
erodimer is depicted in Fig. 1B. The two core domains of each
protein adopt a histone-like fold and pack head to tail against
each other. In p14, the core histone motif helix �1-loop L1-
helix �2-loop L2-helix �3 is extended by a long fourth helix,
�C, characteristic for the H2B family. p16 also contains a
C-terminal helical region following helix �3, similar to other
H2A-related proteins. To allow comparison with other histone
fold proteins, we designate the last helix �C, although its confor-
mation is rather irregular compared to canonical � or 310 helices.

Probably as a result of partial proteolytic trimming, the pre-
dicted p16 helix �1 is missing, and presumably as a conse-
quence, residues preceding helix �2 adopt a conformation dif-
ferent from other histone fold proteins. In both crystal forms,
two p14-p16 heterodimers interact through the same extensive
interface, where p14 helix �2 of a neighboring heterodimer
inserts into a groove, which in a classical histone fold would be
occupied by p16 helix �1. We suppose that, under physiological
conditions, the N-terminal helix �1 in CHRAC16 occupies this
position and that it was only displaced under our experimental
conditions, which allowed crystallization. The interface between

TABLE 1. Data collection, structure solution, and refinement

Parameter

Result for:

Crystal form I
Crystal form II

Native data Hg data

Data collection
Space group P3221 P4212 P4212
Cell dimensions (Å) a 	 76.0, c 	 166.1 a 	 130.5, c 	 60.1 a 	 130.5, c 	 59.7
Wavelength (Å) 0.9393 0.9795 0.9795
ESRF beamline ID14-4 ID29 ID29
Resolution (Å) f 24.0–2.4 (2.5–2.4) 30.0–2.8 (2.95–2.80) 35.0–3.0 (3.2–3.0)
No. of measurements 130,593 (18,682) 186,423 (27,241) 142,145 (20,824)
No. of unique reflections 22,490 (3,257) 13,325 (1,902) 10,828 (1,536)
Completeness (%) 99.9 (99.9) 99.9 (99.9) 99.9 (99.9)
I/
 (I) 4.4 (3.0) 5.6 (1.6) 5.3 (2.1)
Rmeas (%)a 6.9 (26.4) 12.8 (47.5) 13.2 (36.8)

Structure determination
No. of Hg sites (found/total) 2/2
Riso (%)b 21.3
Z-scorec 11.5
Figure of merit (before/after solvent flattening) 0.33/0.78

Refinement
Resolution (Å) 20–2.4 30–2.8
Total no. of atoms 2,519 2,348
No. of protein atoms 2,465 2,324
No. of water molecules 39 21
Bound ions 3 sulfate 3 Cd2�

RMSD from ideal geometry
Bond length (Å) 0.008 0.007
Bond angles (°) 1.261 1.193

Rcryst (%)d (no. of reflections) 23.7 (20,214) 21.7 (11,861)
Rfree (%)e (no. of reflections) 27.8 (2,231) 27.1 (1,363)

a Rmeas 	 �h [nh/(nh � 1)]1/2 �h�i�Ii(h) � 
I(h)��/�h�iI(h,i), where 
I(h)� is the mean of the I observations of reflection h and n is the multiplicity of reflection h.
b Riso 	 ��FPH � FP�/�FP, where FPH and FP are the derivative and native structure factor amplitudes, respectively.
c Calculated according to the program SOLVE.
d Rcryst 	 ��Fo � Fc�/�Fo, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively.
e Rfree was calculated for crystal forms I and II using 9.9% and 10.3% of the reflections, respectively.
f Values for the highest-resolution shell are given in parentheses.
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the two heterodimers is probably not physiologically relevant,
which is further corroborated by the observation that, in ultra-
centrifugation studies, p14-p16 behave as heterodimers (K.
Hartlepp, N. Mücke, and J. Langowski, unpublished observa-
tions).

Comparison with other histone-like proteins. The overall
structure of the heterodimer closely resembles other histone-
like protein pairs like the NFYB-NFYC heterodimer (41) of
the trimeric transcription factor NFY (root mean square devi-
ation [RMSD] 	 1.68 Å, 143 C� atoms) and histone pairs
H2A-H2B (33) (RMSD 	 1.87 Å, 127 C� atoms). Main dif-
ferences to the NFYB-NFYC and H2A-H2B heterodimers are
in the C-terminal end of p16 helix �2 and in the conformation
of the following loop L2 (see Fig. S1 in the supplemental
material). Compared to NFYC, helix �2 of p16 is shorter by
two residues, whereas loop L2 has one additional residue in-
serted. As a result, loop L2 adopts a different conformation
and p16 residues 72 to 74 are able to form a short two-stranded
sheet with �L1 residues 28 to 30 of p14. Additional differences
between p14-p16 and H2A-H2B are a longer loop between
helices �3 and �C in p14 than in H2B and differently posi-

tioned helices �3 and �C in p16 compared to H2A (see below).
Thus, the histone folds of p14-p16 and NFYB-NFYC are more
similar than those of the H2A-H2B heterodimer. Indeed, his-
tone core regions of CHRAC14 and CHRAC16 share 32%
and 27% identical residues with NFYB and NFYC, respec-
tively, whereas the core regions of CHRAC14 and CHRAC16
share only 9% and 15% identical amino acids with H2B and
H2A, respectively (Fig. 1A). Despite the better conservation of
the histone cores between p14-p16 and NFYB-NFYC, the N-
and C-terminal extensions are not conserved, either. Accord-
ingly, these extensions either are disordered in the crystal
structure (p14-p16) or were essentially omitted from the crys-
tallized constructs (NFYB-NFYC).

CHRAC14-CHRAC16 interact with the N terminus of ACF1.
p14 and p16 bind to the ISWI ATPase, but this interaction is
disrupted by moderate salt concentrations (11). Since the as-
sociation of p14-p16 with CHRAC resists salt washes of up to
1 M KCl (A. Eberharter, unpublished observation), we tested
for binding of the small subunits to ACF1 after coexpression in
insect cells. Sf9 cells were coinfected with a tandem baculovi-
rus expression vector encoding p14FLAG and His6-tagged p16

FIG. 1. Structure of the CHRAC p14-p16 heterodimer. (A) Alignment of Drosophila CHRAC14 and CHRAC16 with human and mouse
homologues, NFYB and NFYC, subunits of the human transcription factor NFY, and Xenopus histones H2A and H2B. Conserved or conserva-
tively substituted residues within the p14-p16 families and compared to NFYB-NFYC are depicted with a yellow background. In addition, residues
conserved or conservatively substituted in H2A-H2B compared to p14-p16 and NFYB-NFYC are also shown with a yellow background. Secondary
structure elements in the p14 and p16 subunits were determined by manual inspection. The noncanonical p16 helix �C is shown in light blue.
Secondary structure elements of NFYB-NFYC and H2A-H2B are depicted as published previously (33, 41). Disordered regions present in the
initial constructs are represented by broken lines and are not included in the final model. H2A-H2B residues forming hydrogen bonds with
nucleosomal DNA are shown in boxes. Intrachain salt bridges conserved between p14 and NFYB (red), but not between p16 and NFYC (blue),
are indicated. (B) Ribbon representation of the p14-p16 heterodimer. CHRAC14 and CHRAC16 are depicted in red and blue, respectively. The
color code for the two CHRAC subunits is kept throughout the figures. Figure 1B (see also Fig. S1 and S3 in the supplemental material) was
produced with program Ribbons (9).
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and viruses coding for myc-tagged ACF1 or variants lacking
parts of the protein (Fig. 2A). The FLAG tag on p14 was used
to purify interacting proteins from the whole-cell extracts, and
ACF1 was detected by Western blotting with anti-myc anti-
body. By this assay, we observed binding of full-length ACF1
and the N-terminal 1,064 amino acids (aa) of ACF1 to p14-
p16, but a C-terminal fragment containing aa 497 to 1,476 did
not bind (Fig. 2B). Interestingly, in this experiment, several

N-terminal degradation products that could be detected by the
anti-myc antibody in the input (Fig. 2B, lanes 2 to 4) did not
bind to the FLAG beads, which also points to an ACF1
N-terminal binding site for p14-p16.

To map the site of p14-p16 interaction on ACF1 more pre-
cisely, we immobilized GST-tagged p14-p16 expressed in
E. coli (Fig. 2C) on glutathione-Sepharose beads and assayed
for the interaction of in vitro-translated ACF1 and various

FIG. 2. p14-p16 interacts with the N terminus of ACF1. (A) ACF1 derivatives used in this study. Top panel: baculovirus-encoded, myc-tagged
ACF1 derivatives; bottom panel: in vitro-translated ACF1 derivatives. Interaction with p14-p16, as determined by the results shown in panels B
and D, is indicated to the right: �, interaction; �, no interaction. (B) FLAG affinity purification of complexes from whole-cell extracts of SF9 cells
coinfected with p14FLAG-HISp16 and myc-tagged ACF1 variants (shown in panel A). The Western blot was probed with anti-myc antibody. In
the mock infection (lane 1), the cells were transfected with p14FLAG-HISp16 alone. Bands corresponding to the ACF1 constructs in the input
are marked with asterisks. (C) Coomassie-stained 15% polyacrylamide gel of glutathione-Sepharose beads loaded with purified GST, GSTp14, and
GSTp14-HISp16 (3.75 �g/lane). (D) GST pull down of in vitro-translated ACF1 constructs (shown in panel A). Top panel: 5% of input; bottom
panel: pull down with recombinant GSTp14-HISp16 heterodimer.
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deletion derivatives in pull down assays. The p14-p16 het-
erodimer interacted with full-length ACF1 and with derivatives
containing the N-terminal 201 amino acids (Fig. 2D, lanes 1 to
3). This interaction was direct, since it resisted DNase and
RNase treatment (see Fig. S2 in the supplemental material).
p14 alone was unable to bind to ACF1, suggesting that p14-p16
form a functional unit (see Fig. S2 in the supplemental mate-
rial). The N terminus of ACF1 contains a so-called WAC motif
(for WSTF, ACF1, and cbp146), a sequence similarity found in
other members of the BAZ/WAL family (27, 43, 48). Deletion
of the first 202 aa from ACF1 abolished p14-p16 binding,
suggesting that the WAC motif is part of a binding determi-
nant. We could not determine whether the WAC domain was
sufficient for the interaction, since an in vitro translation con-
struct consisting of ACF1 aa 2 to 201 yielded variable results,
possibly due to improper folding of the small fragment. From
our data, we cannot formally exclude a contribution of flanking
sequences, such as the conserved DDT motif, to p14-p16 bind-
ing. However, the human homologues of p14 and p16, human
CHRAC17 (hCHRAC17) and hCHRAC15, have recently
been shown to interact with the WAC domain of hACF1 (29).

CHRAC14-CHRAC16 enhance ACF-mediated nucleosome
sliding. Previously, we have shown that ACF and CHRAC can
catalyze the sliding of histone octamers on short DNA frag-
ments (15, 32). The nucleosome sliding assay exploits the dif-
ferent electrophoretic mobilities of nucleosomes, which are
situated either centrally or at the end of a 248-bp DNA frag-
ment. ACF is able to slide a histone octamer from the end to the
center of a DNA fragment in an ATP-dependent reaction (15).

We monitored the effect of p14-p16 on ACF-induced nu-
cleosome sliding by titration of increasing amounts of the het-
erodimer into sliding reactions (Fig. 3). At high ACF concen-
trations, no difference in sliding activity could be detected in
the absence or presence of p14-p16 (lanes 1 to 6). However, at
limiting ACF concentrations, nucleosome relocation was sig-
nificantly enhanced by the presence of p14-p16 (Fig. 3, com-

pare lane 16 with lanes 17 and 18 and lane 22 with lanes 23 and
24). This effect was ATP-dependent (lanes 8 to 13), indicating
that the difference in nucleosome migration was caused by
nucleosome repositioning and not by interaction of p14-p16
with the nucleosome (lanes 7 and 14).

Since p14-p16 interact with the N terminus of ACF1, we
reconstituted an ACF complex lacking part of the WAC motif
of the ACF1 subunit (�4 to 111, ACF�WAC) (19) and exam-
ined whether the effect of p14-p16 was dependent on interac-
tion with ACF (Fig. 4). The N-terminal deletion did not affect
the ATPase and nucleosome sliding activities of ACF (data not
shown). The ATPase activity and concentration of the two
ACF complexes were carefully matched, which allowed proper
monitoring of the p14-p16 effect. Full sliding enhancement by
p14-p16 could only be observed with intact ACF but not with
the ACF�WAC complex (Fig. 4A, compare lanes 14 and 15
with lanes 20 and 21 and lanes 26 and 27 with lanes 32 and 33).
The dependence of the p14-p16-mediated enhancement on an
intact N terminus of ACF1 was also obvious in a time course of
nucleosome sliding (Fig. 4B). Together, these results show that
p14-p16 are able to stimulate the activity of ACF and that this
effect requires interaction with the N terminus of ACF1, con-
sistent with similar observations made recently for human
CHRAC/ACF (29).

The CHRAC14 N terminus is involved in ACF1 binding. We
created and purified heterodimers bearing deletions of indi-
vidual N- and C-terminal tails of p14 and p16 (Fig. 5A and B)
and tested their interactions with in vitro-translated ACF1 and
deletion variants (Fig. 5C; Fig. 2C for ACF1 deletions). Inter-
action of all p14-p16 derivatives with ACF1 required
N-terminal sequences as before (Fig. 2 and 5C). Deletion of 8
amino acid residues from the N terminus of p14, which is
mostly disordered in the crystal structure, led to somewhat
reduced binding to full-length ACF1 and essentially abolished
binding to the N-terminal amino acids 2 to 468 of ACF1
(lane 3). This result suggests that the N terminus of p14 con-

FIG. 3. ACF-catalyzed nucleosome sliding is enhanced by p14-p16. Six-nanomolar radiolabeled end-positioned nucleosomes were incubated
with approximately 300 pM, 90 pM, and 30 pM ACF, and decreasing amounts of p14-p16 (8, 4, 2, and 1 �M) were added to the reaction mixtures.
With 300 pM ACF, sliding is maximal and no further enhancement due to p14-p16 is seen (lanes 2 to 6). Nucleosomes do not slide in the absence
of ATP (lanes 9 to 13). Migration of the nucleosomes is not affected by p14-p16 alone (lane 7 and 14). �, present; �, absent. The bands cor-
respond to (from the top) centrally positioned nucleosome, end-positioned nucleosome, and free DNA fragment, as schematically indicated to the
left.
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tributes to the interaction of the heterodimer with ACF1, but
it may well not be sufficient. Interestingly, intact p14 alone does
not interact with ACF1, suggesting a contribution of p16 se-
quences to ACF1 interaction (see Fig. S2 in the supplemental
material).

The C termini of CHRAC14 and CHRAC16 modulate the
DNA binding properties of the heterodimer. The calculated
electrostatic surface potentials of the p14-p16, NFYB-NFYC,
and H2A-H2B histone pairs are rather similar. Notably, the
H2A-H2B surface that faces the DNA shows a similar basic
overall charge in p14-p16 and NFYB-NFYC (Fig. 6A), while
the opposite surface is rather negatively charged (data not
shown). Binding of p14-p16 to DNA therefore probably in-
volves a similar surface (see Fig. S3 in the supplemental ma-
terial). In contrast, the H2A-H2B side chains directly involved
in DNA contacts are only poorly conserved in p14-p16 (Fig. 1A).

We examined the DNA binding properties of the p14-p16
dimer by EMSA and pulldown assays (Fig. 6B; see Fig. S4 in
the supplemental material; also data not shown). The p14-p16
heterodimer was unable to bind to DNA shorter than 20 bp
(data not shown), and binding to a 35-bp DNA fragment was
barely detectable. Binding to DNA fragments of 72 bp and 248 bp
was measurable. EMSA with the 72-bp fragment revealed a
distinct band that may correspond to a single p14-p16 bound to
DNA, but additional heterogeneity of fragment mobility sug-

gested variable positioning and stoichiometry of complexes at
a higher protein input (see Fig. S4A and B in the supplemental
material). We determined a formal KD of binding (assuming
that all heterodimers are functional) of 2.3 �M (see Fig. S4B
and C in the supplemental material). Low affinity for DNA has
also been observed for the human homologues (40).

N-terminal truncation of p14 or p16 had no effect on DNA
binding (Fig. 6B, lanes 8 to 12 and lanes 20 to 24, respectively),
whereas the C-terminal truncations showed opposite effects.
Deletion of the p14 C terminus reduced binding of the het-
erodimer to DNA by an order of magnitude (Fig. 6B, lanes 14
to 18). In contrast, deletion of the p16 C terminus enhanced
DNA binding drastically compared to the wt (Fig. 6B, lanes 26
to 30), with an apparent KD of 57 nM for p14-p16�C binding
to the 72-bp fragment (see Fig. S4B and D in the supplemental
material). This deletion removes a highly negatively charged
tail fragment consisting of 23 glutamates, aspartates, and
serines, thereby causing a shift of the theoretical pI of p16 from
4.47 to 9.30. Apparently, this anionic structure prevented
tighter binding of the p14-p16 heterodimer to DNA, a feature
that has not been observed for the human counterpart (29).
Interestingly, a p14�C-p16�C double deletion mutant showed
increased DNA binding, similar to the p14-p16�C deletion mu-
tant (data not shown). The effect of the deletion of the anionic
p16 tail is thus dominant over the effect of the p14 tail deletion.

FIG. 4. The p14-p16 sliding enhancement is mediated by the ACF1 WAC domain. (A) Protein titrations. Nucleosome sliding is catalyzed by
300, 75, and 37.5 pM concentrations of either ACF or ACF�WAC (decreasing shading of bar) in the presence of decreasing amounts of p14-p16
(8, 4, 2, and 1 �M) as indicated. (B) Time course. Reactions were performed with concentrations of ACF and ACF�WAC complex (approximately
180 pM) which do not suffice to slide nucleosomes in the absence or presence of p14-p16 (approximately 8 �M). Time points are taken after 0,
2, 5, 10, 20, and 45 min. �, absent. Labeling is as described for Fig. 3.
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Dynamic, but not tight, DNA binding of CHRAC14-CHRAC16
facilitates nucleosome sliding. We tested whether the different
DNA binding affinities of the mutant p14-p16 heterodimers af-
fected ACF-induced nucleosome sliding (Fig. 7A). The N-termi-
nal deletions of both p14 and p16 did not affect nucleosome
sliding activity of ACF significantly (Fig. 7A) under these condi-
tions. By contrast, the heterodimer with the C-terminal deletion
of p14 was significantly less able to stimulate nucleosome sliding
(Fig. 7A, lanes 13 to 18, and B, lanes 13 to 18). Since this variant
heterodimer binds DNA much more poorly than the wild type,
the result suggests that DNA-binding of p14-p16 is required to
facilitate nucleosome sliding.

Evidently, p14-p16 need to contact both ACF1 and DNA
to improve the sliding activity of ACF. How would the
improved DNA binding of p14-p16�C affect the potential of
the heterodimers to stimulate nucleosome sliding? We were
unable to assay p14-p16�C under standard assay conditions,
since its tight binding to the nucleosome interfered with the
sliding analysis (not shown). Lowered concentrations of
p14-p16�C did not interfere with the assay but also did not
stimulate nucleosome sliding. To test for a potential nega-
tive effect of this mutant we increased the amount of ACF in

the sliding reactions to levels that catalyzed complete nu-
cleosome mobilization in the absence of p14-p16 (Fig. 7C).
Under those conditions, the p14-p16�C deletion mutant
inhibited the sliding reaction (lanes 25 to 30), whereas none
of the other deletion mutants affected ACF activity, even at
four-times-higher concentrations (lanes 7 to 24). Interest-
ingly, the presence of p14-p16�C did not affect the ATPase
activity of ACF (see Fig. S5 in the supplemental material),
indicating that p14-p16 affect the efficiency of the ATPase to
translocate the DNA relative to the octamer surface. In
summary, our data suggest that dynamic, but not tight, nu-
cleosome binding of p14-p16 stimulates ACF-induced nu-
cleosome sliding.

DISCUSSION

Dynamic DNA interactions of CHRAC14-CHRAC16 facili-
tate nucleosome sliding. We recently observed an enhance-
ment of ACF-dependent nucleosome sliding by HMGB1, an
abundant structure-specific DNA binding protein (6). Because
the activating function of HMGB1 did not correlate with the
strength of DNA binding but depended on a dynamic (i.e.,
weak) interaction with DNA, we suggested that HMGB1 might

FIG. 5. Role of N- and C-terminal tails of p14-p16 for ACF1 binding. (A) Summary of p14-p16 derivatives. (B) Coomassie-stained 15%
polyacrylamide gel of glutathione-Sepharose beads loaded with 3.75 �g of purified recombinant GSTp14-p16 derivatives as indicated. (C) GST pull
down of in vitro-translated ACF1 constructs (shown in Fig. 1C). Lane 1, 5% of input. The p14-p16 derivatives used for the pull down are indicated
above the lanes. The in vitro-translated ACF1 derivatives assayed for interaction are indicated to the right.
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act as a DNA chaperone that promotes the distortion of DNA
at its entry into the nucleosome. Manipulating DNA-histone
interactions at this strategic site is likely to be a rate-limiting
step in the current prevailing models of nucleosome mobiliza-
tion (31, 46). Our analysis of the properties of the p14-p16
heterodimer revealed a number of similarities to HMGB1.
Both entities enhance the catalysis of nucleosome sliding at
limiting ACF concentrations. Both bind DNA weakly and non-
specifically. In either case, the dynamics of DNA interaction is
assured by the presence of highly acidic C termini (on HMGB1
and on p16). Deletion of these charged C termini leads to a
dramatic increase of DNA binding by the remaining histone
folds and HMG domains, respectively. Under those conditions,
ACF-dependent nucleosome sliding is not stimulated but re-
pressed, indicating that tight binding leads to a locking of
nucleosomal positions, as has been observed upon interaction
of linker histone with nucleosomes (24, 25, 39).

The striking analogies between the properties of HMGB1
and the p14-p16 heterodimer lead us to speculate that the
small histone fold subunits of CHRAC may serve as a built-in
DNA chaperone that aids the disruption of DNA-histone in-
teractions during the remodeling process by transiently provid-
ing a DNA binding surface. The histone fold heterodimer of
p14-p16 resembles the geometry of H2A-H2B but lacks the
tight grip of their interacting side chains. p14-p16 thus provide
a surface that may lend itself for transient deposition of a
segment of DNA stripped off the histone octamer surface.
Furthermore, the acidic C-terminal tail of CHRAC16 might be
in place to serve as a transient acceptor for a positively charged
histone surface, such as the N terminus of histone H3 that
reaches out into the linker DNA.

It has been suggested that some nucleosome remodeling
enzymes use H2A-H2B heterodimer exchange to facilitate re-
modeling (18). In this respect, the presence of histone-fold
subunits in CHRAC with an overall structure and charge dis-
tribution similar to histones H2A-H2B is worth noting. Re-
placement of H2A-H2B with p14-p16 would lead to significant
nucleosome destabilization. In the nucleosome, the region fol-
lowing helix �C in histone H2A forms a two-stranded �-sheet
with the C-terminal end of a neighboring H4 histone, which
stabilizes the octamer structure (33). In p16, this region cor-
responds to helix �C, which packs against helices �2 and �3. In
a hypothetical model where the p14-p16 heterodimer would
replace H2A-H2B in the nucleosome, the p16 helix �C would
prevent a similar interaction with the histone H4 C terminus
and might considerably destabilize the nucleosome. However,
the fact that we never observed a destabilization of nucleo-
somes during CHRAC-induced remodeling argues against
such a scenario (32, 47). In addition, the observed differences
in the core structures argue against a possible exchange during
remodeling.

CHRAC is an evolutionarily conserved machinery. Re-
cently, Kukimoto and colleagues reported on the stimulatory
role of the human homologues of p14 and p16 on human ACF,
but their study did not provide a mechanistic explanation (29).
The human p14-p16 homologues, hCHRAC17 and hCHRAC15,
also contain acidic glutamate- and aspartate-rich C termini of
different length. However, in unresolved contrast to our find-
ings, Kukimoto and colleagues reported a reduced DNA bind-
ing upon deletion of the negatively charged tail domains (29).

Physiological function of p14-p16. The question of whether
ACF and CHRAC exist as independent entities in living cells is
still unanswered. The lack of suitable mutations in metazoan cells
or reagents to localize the histone fold subunits in nuclei with
confidence have hindered the exploration of their physiologic
functions. Under these circumstances, the existence of homolo-
gous proteins in yeast provides valuable information. Recently,
the Saccharomyces cerevisiae histone fold proteins Dls1p and
Dpb4p were shown to associate with the Isw2 remodeling com-
plex to form an entity reminiscent of CHRAC (26, 35). The
similarity between the yeast Isw2 and the metazoan ACF com-
plexes was previously not appreciated due to the very limited
similarity between ACF1 and Itc1p, the largest subunit of the Isw2
complex. Strikingly, the two proteins only show similarity in their
very N terminus with a recognizable WAC motif (35), which we
and others (29) showed to be involved in the interaction with the
histone fold subunits. The precise role of Dls1p and Dpb4p is still

FIG. 6. DNA binding by CHRAC p14-p16. (A) Surface charge dis-
tribution of p14-p16 compared to that of NFYB-NFYC and H2A-H2B
heterodimers calculated with GRASP (38). Negative and positive poten-
tials (�15 kBT [kB, Boltzmann constant; T, temperature]) are depicted in
red and blue, respectively. The orientation of the three protein pairs is
identical and corresponds to that shown for the p14-p16 worm model.
Helix �1 of CHRAC16 was modeled onto NFYC and is depicted in red
(compare also to Fig. S1 in the supplemental material). (B) EMSA with
wt p14-p16 and p14-p16 deletion mutants. Six-nanomolar concentrations
of radiolabeled 248-bp DNA were incubated with 20, 5, 2, 0.5, and 0.2 �M
of the respective p14-p16 derivatives before complexes were resolved on
a native polyacrylamide gel. An autoradiography of the dried gel is shown.
�, absent.
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unclear, since yeast CHRAC appears to counteract telomeric
silencing (26) but, on the other hand, is involved in the repression
of some target genes (35). The situation is complicated by the fact
that Dpb4p is also a subunit of a DNA polymerase ε complex, and
mutant phenotypes may therefore reflect composite functions.
Isw2-dependent repression of transcription and nucleosome re-
positioning is variably effected by mutation of the DLS1 gene at
different gene loci (35), suggesting the possibility that two com-
plexes related to ACF and CHRAC also exist in yeast, differing
only by the presence of the histone fold subunits. Resolution of

these issues will be facilitated by localization of all CHRAC com-
ponents in living cells.
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