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ABSTRACT: The first step in the formation of the nucleosome is commonly assumed to be the deposition
of a histone H3-H4 heterotetramer onto DNA. Antisilencing function 1 (ASF1) is a major histone H3-
H4 chaperone that deposits histones H3 and H4 onto DNA. With a goal of understanding the mechanism
of deposition of histones H3 and H4 onto DNA, we have determined the stoichiometry of the Asf1-
H3-H4 complex. We have established that a single molecule of Asf1 binds to an H3-H4 heterodimer
using gel filtration, amino acid, reversed-phase chromatography, and analytical ultracentrifugation analyses.
We demonstrate that Asf1 blocks formation of the H3-H4 heterotetramer by a mechanism that likely
involves occlusion of the H3-H3 dimerization interface.

In the eukaryotic nucleus, genomic DNA is assembled into
the nucleoprotein complex known as chromatin. The basic
repeating unit of chromatin is the nucleosome core particle,
which consists of 146 bp of DNA wrapped around an
octamer of histone proteins (1, 2). The histone octamer
comprises a tetramer of histones H3 and H4 and two dimers
of H2A and H2B (3, 4). Nucleosome core particles are
regularly spaced every 180-200 bp of DNA over the entire
genome, and the incorporation of the linker histones results
in higher-order folding of these arrays of nucleosomes.

Every time the genome replicates the chromatin structure
must also be duplicated. We know that the mechanism of
chromatin assembly involves disassembly of the histone
octamers from the parental chromatin into H3-H4 tetramers
and H2A-H2B dimers, which are then distributed equally
between the two new daughter DNA strands (5, 6). The two
daughter strands of chromatin are completed with newly
synthesized histone H3-H4 tetramers and H2A-H2B
dimers, which randomly mix with the parental H3-H4
tetramers and H2A-H2B dimers on the DNA (7). We also
know that chromatin assembly occurs in a stepwise manner.
Consistent with the central position that the H3-H4 tetramer
occupies in the nucleosome, the H3-H4 tetramer is detected
on the DNA first (7). H2A-H2B dimers, which bind at the

periphery of the nucleosome, are deposited in the next step,
followed by linker histone H1.

Chromatin assembly is mediated by chromatin assembly
factors (8). The formation of the H3-H4 tetramer on DNA
following replication is mediated by chromatin assembly
factor 1 (CAF-1) in vitro (9), in a manner that is dependent
on another H3-H4 chaperone termed antisilencing function
1 (Asf1) (10). It has recently been shown that the majority
of non-chromatin-bound histones are bound to Asf1 prior to
their assembly into chromatin, indicating that Asf1 is a
central player in the process of chromatin assembly (11).
Asf1 was first identified genetically as a suppressor of
silencing when overexpressed in yeast (12, 13), and was later
identified biochemically as a component of the chromatin
assembly factor RCAF (10). RCAF is a trisubunit complex
comprised of Asf1 bound to newly synthesized histones H3
and H4. As a histone H3-H4 chaperone, Asf1 binds to the
C-terminal portion of histone H3 between amino acid
residues 122 and 135 (14). Asf1 has been highly conserved
through evolution (10, 12, 15) with the exception of its
C-terminal tail, which does not appear to be functionally
important (16, 17).

In addition to its biochemical function as a chromatin
assembly factor, there is a wealth of in vivo evidence to
indicate that Asf1 influences chromatin structure in the cell.
Budding yeast lackingASF1have altered global chromatin
structure (18) and have defects in the processes that utilize
the DNA template, including transcription (19-22), tran-
scriptional silencing (10, 23-25), and replication and repair
(10, 26-28). Although ASF1 is essential inSchizosaccha-
romyces pombeandDrosophila(16, 29), flies with a single
copy of the ASF1 gene show enhanced position effect
variegation, which is a measure of altered chromatin structure
(29). Asf1 also appears to be important for DNA replication
in human cells, as tissue culture cells lacking Asf1 spend
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more time in the S-phase (11). In addition to its role during
the assembly of the H3-H4 tetramer into chromatin, Asf1
is also required for the disassembly of the H3-H4 tetramer
from chromatin (18, 21).

Until recently, the majority of data suggested that the non-
chromatin-bound histones may exist as H3-H4 hetero-
tetramers in the cell (30). Accordingly, it has been predicted
that histones H3 and H4 are deposited onto DNA as an H3-
H4 tetramer. However, a recent study has shown that
endogenous histone H3 fails to copurify with epitope-tagged
histone H3, suggesting that histones form an H3-H4
heterodimer rather than an H3-H4 heterotetramer in the cell
(31). In the study presented here, we have investigated the
stoichiometry of the Asf1-H3-H4 complex and found that
Asf1 exists in a complex only with a heterodimer of histones
H3 and H4. This work indicates that a novel step in
nucleosome assembly and disassembly, the formation of the
H3-H4 heterotetramer from the H3-H4 heterodimer and
vice versa, needs to be considered in the study of processes
that involve chromatin assembly and disassembly.

MATERIALS AND METHODS

Protein Expression and Purification. Plasmid pGST-Asf1tr
was generated by insertion of the sequence encoding amino
acids 1-169 of Asf1 fromSaccharomyces cereVisiae into
the EcoRI and XhoI restriction sites following the glutathione
S-transferase cassette and PreScission protease sequence in
the pGEX-6P-3 vector (Amersham Biosciences), using
standard procedures. The fragment carrying the GST-Asf1tr
fusion protein was PCR amplified from pGex-6P-3 using
primers to introduce flanking EcoRI and XhoI restriction
sites. This fragment was subcloned into a TopoTA (Invit-
rogen) vector and subsequently released using EcoRI and
XhoI digestion and then subcloned into plasmid pET3aTr
to generate plasmid pET3aTr-Asf1tr (32). The DNA se-
quence encoding amino acids 27-135 of Xenopus laeVis
histone H3 was inserted into the EcoRI and KpnI site of
plasmid pET3aTr to generate plasmid pET3aTrH3∆N. The
DNA sequence encoding amino acids 20-102 of X. laeVis
histone H4 was inserted into the XbaI and BamHI site of
plasmid pET3aTr to generate plasmid pET3aTrH4∆N. The
BspEI-MluI fragment of pET3aTr-Asf1tr carrying the
ribosome binding site and the codons encoding the GST-
Asf1tr fusion protein was inserted into the BspEI and MluI
sites of plasmid pST39 to generate plasmid pST39GSTAsf1
(32). The EcoRI-KpnI fragment of pET3aTrH3∆N, carrying
the ribosome binding site and the N-terminally truncated H3,
was inserted into the EcoRI and KpnI sites of plasmid
pST39GSTAsf1 to generate plasmid pST39GSTAsf1H3. The
XbaI-BamHI fragment of pET3aTrH4∆N, carrying the
ribosome binding site and the N-terminally truncated H4,
was inserted into the XbaI and BamHI sites of plasmid
pST39GSTAsf1H3 to generate plasmid pST39GSTAsf1H3H4.
Coexpression of the GST-Asf1tr fusion protein, H3, and
H4 was induced by addition of 0.4 mM IPTG to exponen-
tially growing Escherichia coli Rosetta (pLys S) cells
(Novagen) containing pST39GSTAsf1H3H4 for 8 h at 27
°C. Cell pellets from 1 L of cells were resuspended in 50
mL of buffer 1 [20 mM Tris-HCl (pH 7.9), 10 mM EDTA,
0.5 M NaCl, 1 mM PMSF, 0.7µg/mL pepstatin, 0.5µg/mL
leupeptin, 2µg/mL aprotonin, and 2 mM benzamidine] and
lysed by sonication. The extract was clarified by centrifuga-

tion, and the soluble protein was incubated with 2 mL of a
50:50 glutathione-Sepharose (Amersham Biosciences) slurry
for 2 h at 4°C. The resin was washed 10 times with 1 mL
of buffer 2 [20 mM Tris-HCl (pH 7.9), 10 mM EDTA, 1 M
NaCl, 1 mM PMSF, 0.7µg/mL pepstatin, 0.5µg/mL
leupeptin, 2µg/mL aprotonin, and 2 mM benzamidine] and
five times with 1 mL of PreScission cleavage buffer [50 mM
Tris-HCl (pH 7.0), 150 mM NaCl, 1 mM EDTA, 1 mM
DTT, 0.7 µg/mL pepstatin, 0.5µg/mL leupeptin, and 2µg/
mL aprotonin]. The GST tag was then cleaved from the
GST-Asf1tr fusion protein using PreScission protease
(Amersham Biosciences) for 16 h at 4°C, to release the
Asf1tr-H3-H4 complex.

Gel Filtration Chromatography of the Asf1tr-H3-H4
Complex. A HiLoad 16/60 Superdex 75 prep grade gel
filtration column (Amersham Biosciences) was equilibrated
in running buffer [10 mM Tris-HCl (pH 7.9) and 0.5 M
NaCl] at a flow rate of 1 mL/min. A calibration curve was
prepared by running blue dextran (2000 kDa), bovine serum
albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase
(29 kDa), and cytochromec (12 kDa) (Amersham Bio-
sciences) on the column. The elution of these markers was
monitored by UV absorption at 280 nm, and the elution
volume for each protein was measured from the start of the
sample application to the apex of the elution peak. The
logarithm of molecular weight was plotted againstKav that
was calculated for each protein with the equationKav ) Ve

- Vo/Vt - Vo, whereVe is the elution volume for the protein,
Vo is the column void volume, which equals the elution
volume of blue dextran 2000, andVt is the total column
volume. The cleaved Asf1tr-H3-H4 complex was concen-
trated to a volume of 2 mL using 5000 molecular weight
cutoff (MWCO) Amicon Ultra-15 centrifugal filter devices
(Millipore) before being loaded onto the column. Fractions
were analyzed by SDS-PAGE and stained with Coomassie
blue. Fractions from peaks containing either the Asf1tr-
H3-H4 complex or the Asf1tr protein alone were pooled
for further experiments.

Plasmid Supercoiling Assay.The Asf1tr-H3-H4 complex
was tested for its ability to promote supercoiling onto relaxed
plasmid DNA, as a measure of chromatin assembly activity,
as previously described (10). Briefly, all reaction mixtures
contained 20µL of cytosolic extract derived from human
293 cells, ATP, an ATP regenerating system, and 100 ng of
plasmid pCRK. The Asf1tr-H3-H4 complex from the gel
filtration column was added, as indicated in Figure 2. As a
positive control, 1µL of Drosophilaembryo S190 extract
was used. For comparison, Asf1tr from the gel filtration
analysis was also tested. Reaction mixtures were incubated
for 90 min at 30°C, after which time the reactions were
stopped with EDTA. Following deproteinization, DNA
samples were analyzed on a 1% agarose gel and stained with
Syber Gold (Molecular Probes).

Amino Acid Analysis.The amino acid composition of the
Asf1tr-H3-H4 complex was determined by hydrolyzing the
purified complex in 6 N HCl containing 0.1% phenol for 24
h at 110°C in evacuated, sealed tubes. Following the removal
of HCl by vacuum, samples were dissolved in sample
dilution buffer (0.2 M sodium citrate/HCl, 0.5% thiodiglycol,
0.1% benzoic acid, pH 2 buffer) and analyzed on a Beckman
model 6300 amino acid analyzer (Beckman Instruments,
Berkeley, CA).
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ReVersed-Phase Chromatography.The purified Asf1tr-
H3-H4 complex (5 mg/mL) was diluted 1:1 with a solution
of 6 M GdnHCl and incubated for 30 min at room
temperature. The denatured mixture was then applied to an
analytical C8 reversed-phase column [Zobax 300SB-C8, 15
cm × 4.6 mm (inner diameter), 5µm particle size, 300 Å
pore size; Agilent Technologies]. The proteins were eluted
from the column using a linear gradient of A and B, where
eluent A was 0.05% aqueous trifluoroacetic acid and eluant
B was 0.05% trifluoroacetic acid in acetonitrile at a flow

rate of 1.0 mL/min at room temperature. A sample of each
eluting peak was taken to establish the identity of each
subunit using a Mariner ESI-TOF mass spectrometer (Ap-
plied Biosystems, Foster City, CA). To calculate the protein
ratio in the Asf1tr-H3-H4 complex relative to the H4
protein, each peak area was divided by the peak area for the
H4 protein.

Sedimentation Velocity Experiments.Sedimentation veloc-
ity experiments were performed using a Beckman XLA
analytical ultracentrifuge (Beckman Instruments, Inc., Ful-
lerton, CA) equipped with absorbance optics and an An60Ti
rotor. The Asf1tr-H3-H4 complex that eluted from the gel
filtration column was loaded into Epon charcoal-filled two-
sector centerpieces, and running buffer [10 mM Tris (pH
7.9), 0.5 M NaCl, and 1 mM TCEP] was used for the
reference chamber. Experiments were performed at 42 000
rpm and 4°C. Data were collected at a wavelength of 280
nm, using a spacing of 0.005 cm, with four averages in the
continuous scan mode. No time delay was used, allowing
traces to be collected every 3-6 min, depending upon the
number of cells used in a run. Sedimentation coefficients
were corrected to standard conditions (20°C, in water) using
SEDNTERP (D. Hayes, Magdalen College, Oxford, U.K.;
T. Laue, University of New Hampshire, Durham, NH; J.
Philo, Amgen, Thousand Oaks, CA). The sedimentation

FIGURE 1: Model for histone binding by Asf1. (A) Cartoon diagram
of the H3-H4 heterotetramer. Blue depicts the H3 dimer; red
depicts two H4 molecules, and cyan depicts the putative Asf1-H3
interacting region at the H3-H3 dimerization interface (amino acids
97-135). The model was derived from the coordinates of the
nucleosome structure of PDB entry ikx5 (37). (B) Schematic of
possible models for interaction among Asf1, H3, and H4. (i) Model
for a 2:2:2 stoichiometric Asf1:H3:H4 ratio, where two Asf1
molecules would bind to the identical interaction surfaces on each
of the H3 proteins within the H3-H4 heterotetramer. (ii) Model
for a 2:2:2 stoichiometric Asf1:H3:H4 ratio, where interaction
between Asf1 and two H3-H4 heterodimers is mediated via a
hypothetical Asf1-Asf1 interaction. (iii) Model for a 1:2:2 stoi-
chiometric Asf1:H3:H4 ratio, where interaction between Asf1 and
the H3-H4 tetramer is mediated via binding of Asf1 to H3. This
model would require that each Asf1 molecule have two identical
binding interfaces for H3. (iv) Model for a 1:1:1 stoichiometric
Asf1:H3:H4 ratio, where interaction between Asf1 and the H3-
H4 heterodimer is mediated via binding of Asf1 to the H3
dimerization interface.

FIGURE 2: Gel filtration analysis of the recombinant Asf1-H3-
H4 complex. (A) Elution profile of the Asf-H3-H4 complex
obtained by gel filtration analysis. Recombinant Asf1tr-H3-H4
complex was eluted from a Superdex 75 16/60 HiLoad column,
and the resulting trace is shown. The key indicates the identity of
the major peaks, as determined by SDS-PAGE analysis of selected
fractions. The arrows indicate the positions of the elution peaks of
gel filtration standards that were eluted from the same column in
the same buffer as the Asf1tr-H3-H4 complex. (B) SDS-PAGE
analysis of the purified Asf1tr-H3-H4 complex obtained by gel
filtration analysis. Selected fractions from the gel filtration column
elution profile shown in panel A were resolved on a 15%
polyacrylamide gel and stained with Coomassie blue. The positions
of the Asf1, H3, and H4 proteins are indicated.
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velocity data were analyzed using the time-derivative method,
according to Stafford (33), using the DCDT+ software (34),
to obtain theg(s*) distribution of the sample. Theg(s*)
distributions were further analyzed according to the method
of Stafford (35), to obtain the apparent molecular weight of
the sample; this analysis is possible if the sample is composed
of a homogeneous species. Theg(s*) distributions were fitted
to a single Gaussian distribution, according to eq 1:

whereA is the total absorbance of the sample at the plateau,
s20,w
/ is the apparent sedimentation coefficient (corrected to

standard conditions),s20,w
/ is the sedimentation coefficient

(corrected to standard conditions) of the complex, and
corresponds to the peak value of theg(s*) distribution, b is
the baseline offset, andσ is the width parameter.σ is related
to the diffusion coefficient of the protein complex according
to eq 2 (35):

whereD20,w is the diffusion coefficient of the macromolecule,
rm is the radial position of the sample meniscus,ω is the
rotor speed, andt is the sedimentation time. The correspond-
ing values fors20,w andD20,w were then used to calculate the
molecular weight of the macromolecule (35), according to
the Svedberg equation (rearranged to solve forM):

whereM is the molecular weight of the macromolecule,R
is the gas constant,T is the absolute temperature,υj is the
partial specific volume of the Asf1-H3-H4 complex, and
F is the buffer density.F was calculated using SEDNTERP.
υj (for the complex) was calculated from the amino acid
composition of Asf1, H3, and H4, assuming a 1:1:1 ratio,
according to the method of Cohn and Edsall (36) using
SEDNTERP, which gave 0.7247 mL/g at 4°C. The
calculated molecular weight of the complex is 41 879.

The van Holde-Weischet analysis of the sedimentation
velocity data was performed using Borris Demler’s program
Ultrascan (http://www.ultrascan.edu).

Sedimentation Equilibrium Experiments. The Asf1tr-H3-
H4 complex that eluted from the gel filtration column was
diluted with the running buffer (the identical buffer used for
the sedimentation velocity experiments), and loaded into each
of three sample chambers (120µL per chamber) in an Epon
charcoal-filled six-channel centerpiece, and the running
buffer was used for the reference chambers. Three loading
concentrations of the complex were analyzed: 0.35, 0.2, and
0.1 mg/mL. The complex was successively sedimented to
equilibrium at three rotor speeds: 20K, 25K, and 30K rpm
at 4 °C. Equilibrium was established within 24 h for each
speed. This was checked by comparing at least three
successive scans, each taken 2 h apart, to determine if the
scans overlayed each other. Scans were collected at 280 nm,
every 0.001 cm, with 15 averages per step. The absorbance
traces were edited using REEDIT (J. Lary, National Analyti-

cal Ultracentrifuge Center, Storrs, CT) to extract the data
between the sample meniscus and the bottom of the sample
cell. The sedimentation equilibrium data were analyzed using
the nonlinear least-squares program WINNONLIN (D.
Yphantis, University of Connecticut, Storrs, CT; M. Johnson,
University of Virginia, Chrlottesville, VA; J. Lary, National
Analytical Ultracentrifuge Center). The data were fit globally
(each protein loading concentration at each rotor speed, for
a total of nine data sets) to an ideal, single-species model,
shown in eq 4:

where AT is the total absorbance as a function of radial
position, A is the absorbance of the protein complex at a
reference radial position,rref (taken as the radial position of
the first data point),b is the baseline offset, andê ) 0.5(r2

- rref
2). σ is the reduced molecular weight of the protein

complex, and is given by

RESULTS

Rationale for Analysis of Stoichiometry of the Asf1-H3-
H4 Complex.To gain insight into the mechanism of Asf1-
mediated chromatin assembly, we chose to determine the
stoichiometry of Asf1 bound to histones H3 and H4. The
general assumption in the field is that free histones H3 and
H4 exist as a heterotetramer in the cell and are deposited as
a heterotetramer onto DNA by histone chaperones. Interest-
ingly, the region of histone H3 that mediates the H3-H3
interaction, which is an important protein interaction region
within the H3-H4 heterotetramer, is the same region that
binds to Asf1 (Figure 1A) (14, 15). The idea that Asf1 may
bind to an H3-H4 heterodimer, and in doing so may block
the interaction between the two H3-H4 heterodimers, would
indicate that assembly of the H3-H4 heterotetramer onto
the DNA is a two-step mechanism requiring the deposition
of two H3-H4 heterodimers. As such, it was important to
determine unequivocally whether Asf1 binds to an H3-H4
heterodimer, an H3-H4 heterotetramer, or both. Several
models showing the potential stoichiometry for the Asf1-
H3-H4 complex that are tested in this work are shown in
Figure 1B.

Generation of a Complex of Asf1 Bound to Histones H3
and H4.To determine whether Asf1 binds to a heterodimer
or a heterotetramer of histones H3 and H4, we set out to
obtain large quantities of the purified Asf1-H3-H4 complex
for biophysical analysis. It was not possible to purify
sufficient quantities of the native Asf1-H3-H4 complex
(also called RCAF) fromDrosophila embryos for our
purposes (10); therefore, we generated recombinant Asf1-
H3-H4 complex. To obtain recombinant Asf1-H3-H4
complex, we coexpressed the three open reading frames as
a polycistronic message inE. coli (32). This was necessary
to generate a soluble complex of Asf1 bound to histones H3
and H4 (Figure 2 and data not shown). We expressed the
stable domain of yeast Asf1 (17), which we call “Asf1tr”,
as a GST fusion, together with the globular domains of the
H3 and H4 proteins (37). Following cleavage from the
glutathione-Sepharose resin, the protein complex was puri-

g(s*) ) A

σx2π
exp[- (s20,w

/ - s20,w)
2

2σ2 ] + b (1)

D20,w ) 0.5σ2rm
2ω2∫t)0

t
ω2 dt (2)

M )
s20,wRT

D20,w(1 - υjF)
(3)

AT ) exp(lnA + σê) + b (4)

σ )
M(1 - υjF)ω2

RT
(5)
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fied by gel filtration chromatography (Figure 2A). The
Asf1tr-H3-H4 complex, high-molecular weight plus ag-
gregated proteins, and free Asf1tr eluted from a HiLoad 16/
60 Superdex 75 column in three distinct peaks, as revealed
by SDS-PAGE analysis (Figure 2B). The existence of a
soluble Asf1tr-H3-H4 complex confirms that neither the
nonconserved C-terminus of Asf1 nor the N-terminal tails
of H4 and H3 are required for the interaction between Asf1
and histones. Furthermore, the fact that the interaction
between the Asf1tr-H3-H4 complex is maintained at 0.5
M NaCl (Figure 2) indicates that this is a highly stable
complex as this concentration of salt pushes the equilibrium
toward tetramers (38).

The Asf1tr-H3-H4 Complex Is Competent To Assemble
Nucleosomes. To demonstrate that the recombinant Asf1tr-
H3-H4 complex is active and able to assemble nucleosomes,
we examined the ability of the Asf1tr-H3-H4 complex to
promote plasmid supercoiling. The assembly of each nu-
cleosome onto a closed circle of DNA results in the
incorporation of a supercoil into the plasmid (39). We had
previously shown that RCAF (i.e., the endogenous Asf1-
H3-H4 complex purified fromDrosophilaembryos) could
assemble nonreplicating DNA into chromatin in the absence
of chromatin assembly factor 1, as assessed by plasmid
supercoiling (10). Therefore, we used this assay to test the
assembly activity of the recombinant Asf1tr-H3-H4 com-
plex. As a positive control for chromatin assembly, we
included aDrosophilaembryo S190 extract that is known
to promote plasmid supercoiling in this assay (10) (Figure
3, lane 2). The purified Asf1tr-H3-H4 complex efficiently
introduced supercoils onto relaxed plasmid DNA (Figure 3,
lanes 3-5), indicating that it can mediate chromatin as-
sembly. The human 293 cell extract present in the assay
includes sufficient histones for chromatin assembly (10).
Therefore, we asked whether the manner in which Asf1
presents the histones is important for chromatin assembly.
To answer this question, we tested whether Asf1 alone was
able to mediate the assembly of the histones from the 293
extract onto plasmid DNA. We found that purified Asf1tr
failed to promote plasmid supercoiling (Figure 3, lanes 6-8).
As such, free Asf1 cannot utilize the histones in the 293
extract during chromatin assembly. Furthermore, addition of
histones alone does not result in supercoiling of the plasmid

DNA in this assay (10). These results indicate that the
Asf1tr-H3-H4 complex is functional for chromatin as-
sembly and that the histones bound to Asf1tr are presented
in a manner that allows their deposition onto DNA.

Gel Filtration Analysis of the Asf1tr-H3-H4 Complex.
To determine the approximate size of the Asf1tr-H3-H4
complex, we examined its elution volume on gel filtration
analysis. TheKav value of the elution peak of the Asf1tr-
H3-H4 complex was calculated and interpolated on a
calibration curve of known molecular weight standards
analyzed on the same column, as described in Experimental
Procedures (Figure 2). The molecular mass calculated for
the Asf1tr-H3-H4 complex is 55( 4 kDa (expressed as
the mean( the standard deviation of three independent
experiments). The predicted molecular mass of the Asf1tr-
H3-H4 complex containing one molecule of each protein
(1:1:1) is 42 kDa (19.7 kDa+ 12.7 kDa+ 9.6 kDa), while
1:2:2 and 2:2:2 complexes would have predicted molecular
masses of 64 and 84 kDa, respectively. This result suggests
that Asf1 may bind to the H3-H4 tetramer in either a 1:1:1
or 1:2:2 ratio but most likely not in a 2:2:2 ratio. In a similar
manner, we calculated the size of the Asf1tr protein by gel
filtration analysis as being 27.5( 1 kDa. The expected size
of a monomer of Asf1tr is 19.7 kDa.

The Asf1tr-H3-H4 Complex Is Equimolar.The elution
of proteins during gel filtration analysis is influenced by the
shape of the protein, and as such is not an accurate measure
of mass. To more accurately investigate the stoichiometry
of the Asf1tr-H3-H4 complex, we examined the amino acid
composition of the complex. We calculated the relative
amount of the amino acids that are present in a theoretical
1:2:2 and 1:1:1 (or 2:2:2) Asf1tr-H3-H4 complex and
compared those values to the actual number of amino acids
observed for the Asf1tr-H3-H4 complex (Figure 4). Only
amino acid residues that are statistically different between
the 1:2:2 and 1:1:1 (or 2:2:2) ratio can be used for the
analysis and are denoted with asterisks in Figure 4. Com-
parison of the observed ratio of these amino acids (normal-
ized to alanine) for the Asf1tr-H3-H4 complex and the
theoretical amino acid ratios for a 1:2:2 and 1:1:1 (or 2:2:2)
Asf1tr-H3-H4 complex for these amino acids demonstrated
that the observed values correlate most closely with the
theoretical 1:1:1 (or 2:2:2) complex.

Next, we used reversed-phase chromatography to further
analyze whether the stoichiometry of the Asf1tr-H3-H4
complex is 1:2:2 or equimolar (1:1:1 or 2:2:2). The purified
Asf1tr-H3-H4 complex was applied to an analytical C8
reversed-phase column, and the eluted proteins were sub-
jected to mass spectrometry analysis (Figure 5). The theoreti-
cal ratio of proteins calculated for a 1:1:1 (or 2:2:2) and 1:2:2
complex, based on molecular weight, was compared to the
observed protein ratio for the Asf1tr-H3-H4 complex. To
calculate the protein ratio in the Asf1tr-H3-H4 complex,
the peak areas of each component were divided by the peak
area of the H4 protein. The theoretical ratio for a 1:1:1 (or
2:2:2) Asf1tr-H3-H4 complex was calculated to be 2.1:
1.3:1 and for a complex with a theoretical ratio of 1:2:2
would be 2.2:2.6:2. The observed integrated area units for
the Asftr-H3-H4 complex were 2.3:1.3:1. Comparison of
the theoretical 1:1:1 (or 2:2:2) complex with the observed
integrated area units for the Asf1tr-H3-H4 complex
demonstrates almost identical protein ratios. Taken together,

FIGURE 3: Recombinant Asftr-H3-H4 complex has nucleosome
assembly activity. The ability of nothing (-), Drosophila S190
extract, increasing amounts of purified recombinant Asf1tr-H3-
H4 complex (400 ng, 750 ng, or 1µg), or recombinant Asf1 (400
ng, 750 ng, or 1µg) to introduce supercoils into relaxed plasmid
DNA in a DNA replication-independent supercoiling assay was
tested. An image of a Sybr gold stained agarose gel is shown with
markers for supercoiled and relaxed species as indicated.
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the amino acid analysis and reversed-phase chromatography
analysis indicate that the Asf1tr-H3-H4 complex contains
equimolar amounts of each protein, and is consistent with
either a 1:1:1 or 2:2:2 complex.

The Molecular Weight for the Asf1tr-H3-H4 Complex
Is Consistent with a Heterotrimer. To unequivocally deter-
mine the stoichiometry of the Asf1tr-H3-H4 complex, we
utilized analytical ultracentrifugation. Six samples over an
approximate 10-fold concentration range of the Asf1tr-H3-
H4 complex (from 0.074 to 0.64 mg/mL) were subjected to
sedimentation velocity analysis. To assess the homogeneity
of the sample, a van Holde-Weischet analysis was per-
formed on the data. A representative analysis is shown in
Figure 6A, for a protein concentration of 0.31 mg/mL. The
vertical distribution ofs20,w indicates the sample consists of

FIGURE 4: Amino acid analysis indicates equal stoichiometry in
the Asf1tr-H3-H4 complex. The amino acid content of recom-
binant Asf1tr-H3-H4 complex from the gel filtration analysis
shown in Figure 1 was determined. The observed ratio of each
amino acid in the Asf1tr-H3-H4 complex, relative to alanine
(normalized to 1), is represented by the black bars. The error bars
indicate the standard deviation of three independent experiments.
The expected ratio for a theoretical 1:1:1 Asf1tr-H3-H4 complex
is shown with gray bars, while the expected ratio for a theoretical
1:2:2 Asf1tr-H3-H4 complex is shown with white bars. The
asterisks indicate the amino acid residues that are significantly
different between the 1:1:1 and 1:2:2 complex and can thus be used
for determining the stoichiometry of the recombinant Asf1tr-H3-
H4 complex.

FIGURE 5: Reversed-phase HPLC analysis indicates the equal
stoichiometry in the Asf1tr-H3-H4 complex. Purified recombinant
Asf1tr-H3-H4 complex was analyzed by reversed-phase HPLC
at 210 nm and normalized to H4, and the resulting elution profile
is shown. The identity of the protein eluting in each peak was
determined by mass spectrometry, and is indicated. The ratio of
the integrated area units under each peak is 2.3:1.3:1 for the Asf1tr-
H3-H4 complex.

FIGURE 6: Analytical ultracentrifugation analyses demonstrate that
the Asf1tr-H3-H4 complex exists as a single 2.9S species in
solution. (A) Analysis of the homogeneity of the Asf1tr-H3-H4
sample. van Holde-Weischet analysis of sedimentation velocity
analysis of 0.31 mg/mL Asf1tr-H3-H4 complex. Over the
majority of the boundary, the sample is characterized by a single
value ofs20,w of ∼3 S. (B) Sedimentation velocity analysis of the
Asf1tr-H3-H4 complex. The calculatedg(s*) distributions from
the sedimentation velocity experiments are shown for increasing
loading concentrations of the complex (from 0.074 to 0.64 mg/
mL). The smooth curves are the nonlinear least-squares fits of the
g(s*) data to a single Gaussian distribution (eq 1). The dotted line
corresponds to the sedimentation value of Asf1 alone;s20,w is 1.93
( 0.02 S, and the molecular mass is 18.7( 1.2 kDa. (C)
Sedimentation equilibrium analysis of the Asf1tr-H3-H4 complex.
The Asf1tr-H3-H4 complex (0.35 mg/mL) was sedimented to
equilibrium at 20K (blue circles), 25K (red triangles), and 30K rpm
(green squares), at 4°C. The top panel shows the results of a global,
nonlinear least-squares fit of the data to a single-ideal species model
(the smooth curves that are drawn through the data). The bottom
panel shows the residuals for this fit.
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a single, homogeneous species (withs20,w ∼ 3 S), with no
evidence for concentration-dependent self-association. Next,
a g(s*) analysis was performed on the data, and the results
are shown in Figure 6B. This analysis demonstrates that there
is no shift in the peak position of theg(s) curves with an
increase in the concentration of the Asf1tr-H3-H4 complex
as analyzed by DCDT+ (34). These data suggest a single,
homogeneous species is present at all concentrations that
were examined. If the sample is homogeneous, analysis of
these curves allows for an estimation of the molecular weight
of the complex (35). These curves were fit to Gaussian
distributions to calculate the diffusion coefficient for the
Asf1tr-H3-H4 complex. The diffusion coefficient, along
with the average value fors20,w [the peak of theg(s*)
distribution] of 2.92( 0.1S, allows for calculation of the
molecular mass of the Asf1tr-H3-H4 complex as 37( 4
kDa. We also derived the same molecular mass when we fit
the sedimentation velocity data to John Philo’s program
SVEDBERG (data not shown). Given that the theoretical
calculated molecular mass of a 1:1:1 Asf1tr-H3-H4
complex is 42 kDa, these results indicate that a single
molecule of Asf1tr binds to a heterodimer of histones H3
and H4.

To provide further evidence that Asf1tr binds to a
heterodimer of histones H3 and H4, we utilized sedimentation
equilibrium analysis. Sedimentation equilibrium studies were
performed under identical conditions as sedimentation veloc-
ity and gel filtration analyses as described in Experimental
Procedures. Three different concentrations of the Asf1tr-
H3-H4 complex were analyzed by this technique: 0.1, 0.2,
and 0.35 mg/mL. Data are presented only for 0.35 mg/mL
because the data for all concentrations are identical (data
not shown). The complex was sedimented to equilibrium at
20K, 25K, and 30K rpm at 4°C, and the data were fit to
different models. The data fit the single-species model very
well (standard deviation of the fit was 4.2e-3 OD units,
compared to a noise level in the optics of 3.5e-3 OD units)
(Figure 6C). The value for the molecular mass of the complex
obtained from fitting the data to the single-species model
was 38.4( 3 kDa. We also derived the same molecular
weight when we fit the sedimentation velocity data. Taken
together, the analytical ultracentrifugation results demonstrate
that the Asf1tr-H3-H4 complex has a molecular mass of
38.4( 3 kDa (based on equilibrium data) and 37( 4 kDa
(based on velocity data) (Figure 6B,C). The data from these
two experiments are in close agreement, which indicates that
the complex purified from gel filtration is homogeneous and
that the molecular masses derived from the analytical
ultracentrifugation analysis are likely to be precise. The
molecular masses of the complex obtained by analytical
ultracentrifugation analysis are slightly smaller than the
calculated molecular mass of 41.8 kDa for the 1:1:1 complex,
but this can be attributed to not having a precise value for
the partial specific volume of the molecule. Because these
experiments were performed in 0.5 M NaCl, the actual partial
specific volume is expected to increase slightly which will
result in a slight underestimate of the true molecular weight
(40). For example, data for oxyhemoglobin show that the
apparent isopotential specific volume increases by 2.1% from
0 to 0.5 M NaCl (extrapolated using data in ref41). If the
partial specific volume of the Asf1tr-H3-H4 complex
increases by a similar amount, the calculated value for the

molecular mass, based on the sedimentation equilibrium data,
would increase to 40.9( 3 kDa, well within our experi-
mental uncertainty.

The Asf1tr protein was also analyzed by analytical
ultracentrifugation (Figure 6B). The sedimentation coefficient
calculated for this protein was 1.93( 0.02 S, which
corresponds to a molecular mass of 18.7( 1.2 kDa (data
not shown), as compared to the predicted molecular mass
of 19 kDa. This result indicates that Asf1 is homogeneous
and exists as a monomer in solution, and is consistent with
an Asf1 monomer binding to a heterodimer of H3 and H4.

DISCUSSION

It is widely considered that non-chromatin-bound histones
H3 and H4 exist in the cell as a heterotetramer, and that
they are deposited onto DNA as a heterotetramer (for recent
reviews, see refs42 and43). The basis of this assumption
appears to be a combination of the following observations.
(1) Extraction of histones from chromatin using conditions
such as high salt or acid yields H3-H4 heterotetramers and
H2A-H2B heterodimers (44). (2) The H3-H4 hetero-
tetramer extracted from chromatin is highly stable in solution
(38). (3) If highly purified histones are folded together in
vitro, the end result is an H3-H4 tetramer (3, 45, 46). (4)
Old H3-H4 histones and new H3-H4 histones do not
intermix during replication, indicating that the H3-H4
tetramers remain intact once formed (6). (5) The first
intermediate of chromatin assembly that has been detected
is the H3-H4 heterotetramer bound to DNA (47).

We show for the first time, unequivocally, that the histone
chaperone Asf1 binds to a heterodimer of histones H3 and
H4. The physiological relevance of Asf1 binding to an H3-
H4 heterodimer in vitro is supported by the size of the
endogenous Asf1-H3-H4 complex. We previously found
that the native Asf1-H3-H4 complex (RCAF) purified from
Drosophilaembryos has a native mass of around 66 kDa as
determined by gel filtration analysis (10), which is between
the calculated mass of 53 kDa for a 1:1:1 complex and 80
kDa for a 1:2:2 complex. Gel filtration analysis of our
recombinant Asf1tr-H3-H4 complex also gave an apparent
molecular mass that was between the calculated masses for
the 1:1:1 and 1:2:2 complexes (Figure 2). However, our
biophysical analyses proved that the recombinant Asf1tr-
H3-H4 complex is in fact a 1:1:1 complex, indicating that
the Asf1-H3-H4 complex elutes from gel filtration analysis
with a larger apparent size than its actual size. As such, we
can infer that native Asf1 is also bound to an H3-H4
heterodimer. Furthermore, the majority of non-chromatin-
bound histone H3 in human cells is in a complex with Asf1
(11). Therefore, it is likely that the majority of non-
chromatin-bound histones H3 and H4 are present as H3-
H4 heterodimers and not H3-H4 heterotetramers in the cell.
Consistent with this idea, a recent affinity purification
analysis of epitope-tagged histone H3 demonstrated the
absence of copurifying endogenous H3, suggesting that non-
chromatin-bound histones H3 and H4 may exist as a
heterodimer in vivo (31).

We have produced the recombinant Asf1-H3-H4 com-
plex under entirely native conditions. It is important to
contrast this to the typical behavior of recombinant histones,
which are always expressed in inclusion bodies inE. coli
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(37). Therefore, this study uses proteins that have always
been in their native state in contrast to other studies of histone
chaperones, which required refolding or extracting histones
from a denatured state prior to complex formation (31, 48-
51). Our coexpression approach is a valid way to make the
Asf1-H3-H4 complex because it most closely approximates
what would occur in the cell, i.e., cotranslational complex
formation. Because the production of soluble recombinant
histones inE. coli had never been achieved before, we
viewed the ability of the histones to be produced as a soluble
complex with Asf1 as a significant advancement toward
obtaining a physiologically relevant complex.

The stability of the Asf1-H3-H4 heterodimer complex
is quite striking. The Asf1tr-H3-H4 complex does not
detectably dissociate into H3-H4 tetramers over several days
at 4 °C, as measured by analytical ultracentrifugation and
gel filtration analyses (Figure 6 and data not shown).
Assuming that the H3-H4 tetramer would be more ther-
modynamically stable than the Asf1-H3-H4 complex,
failure of the Asf1-H3-H4 complex to dissociate into H3-
H4 tetramers indicates that there must be a kinetic barrier to
the dissociation of the Asf1-H3-H4 complex. The forma-
tion of a kinetic trap for the H3-H4 dimer by Asf1 could
be an important component of its function as a chaperone,
as has been demonstrated recently for the pilus chaperones
from E. coli (52). Asf1 would have to capture the H3-H4
dimer in the cytoplasm, preventing spontaneous assembly
of the H3-H4 tetramer. Asf1 would then maintain the
histones as a heterodimer, the physiological form of free
histones in the cell (31), until they are in the vicinity of DNA.
The high charge difference between the basic H3-H4 dimer
and the acidic Asf1 protein may contribute to the kinetic

barrier to histone dissociation, as much energy would need
to be added to pull highly charged particles apart.

Asf1 must block the H3-H3 dimerization interface of the
H3-H4 heterodimer, preventing formation of the H3-H4
heterotetramer and allowing soluble histones to exist as H3-
H4 heterodimers. Consistent with this, there is functional
evidence to indicate that the manner in which Asf1 presents
histones is important for chromatin assembly. Asf1 cannot
deposit purified H3-H4 heterotetramers or the histones from
the 293 chromatin assembly extract onto DNA, but instead,
it can only promote the assembly of chromatin from histones
prebound to Asf1 [Figure 3 (23)]. We propose that in the
cell, histone chaperones such as Asf1 bind to H3-H4
heterodimers cotranslationally and maintain the newly syn-
thesized histones as H3-H4 heterodimers. This will in turn
delay formation of the H3-H4 heterotetramer until the
histones are in the vicinity of the DNA, which may serve as
a trigger for their release. Consistent with this idea, Asf1
expression peaks in late G1-phase of the cell cycle im-
mediately before histone synthesis (12). Furthermore, Asf1
is primarily nuclear-localized during the S-phase but not at
other times of the cell cycle (29). The cell presumably has
a mechanism to release Asf1 from H3-H4 heterodimers at
the appropriate time and place, allowing the H3 dimerization
interface to be exposed. This may be necessary to allow for
the ordered and energetically favorable formation of the H3-
H4 heterotetramer on DNA.

The fact that newly synthesized histones H3 and H4 in
the presence of chaperones exist as heterodimers indicates
that the mechanism of chromatin assembly must now be re-
evaluated. We can confidently describe the formation of an
H3-H4 heterotetramer on DNA as the simultaneous or

FIGURE 7: Model for stepwise formation of the H3-H4 heterotetamer on DNA. Old H3-H4 heterotetramers (light blue apple cores) are
randomly distributed between the new daughter strands of DNA, while Asf1 and/or CAF-1 deposits new H3-H4 heterodimers onto the
newly replicated DNA to form new H3-H4 heterotetramers (red and blue apple cores). Asf1 binds to the H3 dimerization interface of the
H3-H4 heterodimer, preventing its dimerization to form an H3-H4 heterotetramer until Asf1 releases the histones. Asf1 may pass the
H3-H4 heterodimers to its binding partner CAF-1 to be deposited onto the newly replicated DNA, or Asf1 may deposit the H3-H4
heterodimers directly. CAF-1 is localized to the replication fork via interaction with the replication machinery. Asf1 is also required for
replication-independent chromatin disassembly and assembly, otherwise known as histone exchange, which results in the mixing of old and
new heterodimers within an H3-H4 heterotetramer.
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sequential deposition of two H3-H4 heterodimers onto DNA
(Figure 7). Following DNA replication, the newly synthe-
sized H3-H4 heterodimers do not intermingle with old H3-
H4 heterodimers from the parental chromatin strand (6). This
may reflect an active process whereby the machinery,
including Asf1 and another histone chaperone termed CAF-
1, deposits two newly synthesized H3-H4 heterodimers at
a time onto newly replicated DNA (Figure 7). Alternatively,
the failure of old and new H3-H4 heterodimers to inter-
mingle during DNA replication may be the passive conse-
quence of old heterotetramers remaining intact during DNA
replication. This is clearly not always the case in the cell,
because intermixing of new and old H3-H4 heterodimers
on DNA occurs during histone exchange that is independent
of DNA replication and transcription (6). We have previously
found that Asf1 is required not only for the assembly of
chromatin but also for the disassembly of chromatin (18,
21). The observation that Asf1 binds to an H3-H4 hetero-
dimer indicates that disassembly of the nucleosome is likely
to involve the separation of the H3-H4 heterotetramer into
two H3-H4 heterodimers bound to Asf1. As such, this work
indicates that we have to consider an extra dynamic and
regulated step in all processes that require chromatin as-
sembly and disassembly, that is, the disassembly of the H3-
H4 heterotetramer into H3-H4 heterodimers and the as-
sembly of H3-H4 heterodimers into H3-H4 heterotetramers.
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