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The process of mononucleosome assembly mediated by histone
chaperone NAP1 was investigated using DNA fragments 146 and
207 bp in length containing the Lytechinus variegatus 5 S rDNA
nucleosome positioning sequence. A quantitative description was
derived using gel electrophoresis and fluorescent anisotropy data.
First, NAP1-bound H3-H4 was released forming a DNA-histone tet-
ramer complex with a time constant of k, = (2.5 = 0.7) - 10*m~ 's ™"
The tetrasome was converted quickly (k, = (4.1 = 3.5)-10° m~*
s~ 1), by the addition of a single H2A-H2B dimer, into a “hexasome,”
i.e. a nucleosome lacking one H2A-H2B dimer. From this interme-
diate a nucleosome was formed by the addition of a second
H2A-H2B dimer with an average rate constant k; = (6.6 = 1.4) - 10°
M~' s7'. For the back-reaction, significant differences were
observed between the 146- and 207-bp DNA upon substitution of
the canonical H2A histone with H2A.Z. The distinct nucleosome/
hexasome ratios were reflected in the corresponding equilibrium
dissociation constants and revealed some differences in nucleo-
some stability. In a fourth reaction, NAP1 mediated the binding of
linker histone H1 to the nucleosome, completing the chromato-
some structure with k, = (7.7 £ 3.7) - 103 M~ ' s ™', The activity of the
chromatin remodeling complex ACF did not increase the kinetics of
the mononucleosome assembly process.

The repeating building block of chromatin is the nucleosome, a
nucleoprotein complex consisting of two each of histones H2A, H2B,
H3, and H4 wrapped around 146/147 bp of DNA (1). Several studies
have focused on the mechanism by which these entities are assembled
and how a defined chromatin structure is established (2—-10). In vivo
chromatin assembly is mostly coupled to DNA replication (11), but
recent investigations have pointed out the importance of replication-
independent deposition of variant histones such as H2A.Z and H3.3.
This process appears to be relevant in the formation of chromatin with
differential transcriptional activity (12—16). Assembly of nucleosomes
seems to be closely linked to the activity of ATP-dependent chromatin
remodeling machineries, required for the formation of evenly spaced
nucleosome arrays, which are characteristic for the native chromatin
conformation (17).

Simple mixing of histones and DNA leads mainly to large, insoluble
aggregates (18, 19). Accordingly, the transfer of histones to DNA in the
cell is carried out by histone chaperones such as the heterotrimeric
chromatin assembly factor 1 (CAF1) (20), N1/N2 (21, 22), nucleoplas-
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min (23-25), HIRA (26, 27), and nucleosome assembly protein 1
(NAP1)? (28, 29). Per definition, all share the capability of binding his-
tones and releasing them to DNA or other targets, but they differ with
respect to in vivo functions and the preferred histone interaction part-
ner. The histone chaperone NAP1 studied here is involved in the shut-
tling of newly synthesized histone H2A-H2B dimers from the cytoplasm
to the nucleus and the deposition of histones onto the DNA (3, 17, 30).
In addition, NAP1 has been reported to play a role in chromatin remod-
eling and the incorporation of variant histones into chromatin (29,
31-33). The structure of a yeast NAP1 dimer has been determined
recently by x-ray crystallography (34). Although NAP1 is generally
regarded as a carrier for the H2A-H2B dimer, it interacts with similar
affinity with H3-H4 in vitro (32, 35, 36) and has been used as sole histone
carrier for chromatin reconstitution with the chromatin assembly/re-
modeling factor ACF (37). Furthermore, recent results report the inter-
action of NAP1 with linker histones (38, 39).

During nucleosome assembly the histone transfer seems to follow a
defined scheme. First, a tetrasome consisting of an (H3-H4), tetramer is
formed on the DNA followed by the addition of two H2A-H2B dimers.
In a final step the linker histone H1 is added to the core nucleosome
yielding a complex, which is referred to here to as the chromatosome.
This stepwise assembly mechanism has been shown for chromatin for-
mation in vivo (10, 40 —44) as well as for a wide range of in vitro assays
(45). These include reconstitution reactions with nuclear extracts (46,
47), purified or recombinant factors at physiological salt concentrations
(48 -50), as well as protocols that utilize salt gradients (51-54). Hence,
this assembly order appears to be governed by the intrinsic physical
properties of the histones themselves. Accordingly, nucleosomes can be
formed with predeposited H3-H4 tetrasomes but assemble only ineffi-
ciently on H2A-H2B-DNA complexes (49, 53, 55).

In this study NAP1 was used in combination with DNA templates of
146 and 207 bp length, recombinant core histones, and linker histone
H1 as a minimal system to study the mechanism of mononucleosome
assembly mediated by a histone chaperone under well defined condi-
tions and at physiological ionic strength. It is shown that NAP1-guided
assembly includes an additional intermediate step, as after tetrasome
deposition hexasomes are formed, which then maturate into complete
Furthermore, NAP1 assembles H2A.Z-containing
nucleosomes mechanistically similar to canonical ones. According to
our results, formation of mononucleosomes by NAP1 is not influenced
by the energy-dependent activity of chromatin remodeling factors like
ACF. Based on these findings and the results of a preceding paper (39),

nucleosomes.

we propose a model in which assembly of nucleosomes up to the level of
chromatin is governed by affinity differences of histones between chap-
erones and binding sites on DNA or (sub)nucleosomal complexes.

2 The abbreviations used are: NAP1, nucleosome assembly protein 1; ACF, ATP-utilizing
chromatin assembly and remodeling factor; H1, linker histone H1; EMSA, electro-
phoretic mobility shift assay; DNA,, /DNA, 4., DNA fragments of 207/146 bp with the
L. variegatus 5 S rDNA nucleosome positioning sequence.
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EXPERIMENTAL PROCEDURES

Preparation of Proteins—N-terminally His-tagged yeast NAP1 was
overexpressed and purified from Escherichia coli as described elsewhere
(36). Recombinant histone octamer with either canonical H2A or
H2A.Z was purified using established protocols (56, 57). Site-specific
labeling of histone complexes with Alexa Fluor 488 or 633 C5 maleimide
(Molecular Probes Europe BV, Leiden, Netherlands) was performed as
described previously using plasmids containing H2A R12C, H2A.Z
K5C, H3 C110A, and H4 K5C to obtain Alexa 488-labeled H2A!,
H2A.Z', and H4" as well as Alexa 633-labeled H2A" histone complexes
(36, 58). The H2A.Z K5C vector was derived from the H2A.Z overex-
pression vector (14) using the QuikChange mutagenesis kit (Stratagene,
La Jolla, CA). Alexa 488-labeled H1 (H1') was prepared as described
previously (39). Labeling efficiency and purification were assessed by
absorbance spectroscopy and SDS-PAGE.

Preparation of Nucleic Acids—DNA fragments of 146 bp (DNA, ;) or
207 bp (DNA,;) containing the Lytechinus variegatus rDNA sequence
were prepared by restriction enzyme digestion (EcoRV or Rsal) with
subsequent gel purification from the template pTJR2 (59) or p55207-12
(60). The bona fide random DNA fragment was amplified by PCR from
plasmid pET3A using the primer I (CAT ACC GCC AGT TGT TTA
CCCQC) and primer II (GGT CAC TGA TGC CTC CGT) for the 146-bp
fragment or primer I and primer III (CAG AAG CCA GAC ATT AAC
GCT TC) for the 207-bp fragment. The products were isolated by gel
purification.

Gel Electrophoretic Analysis of NAPI-mediated Nucleosome
Assembly—For gel electrophoretic analysis, mixtures of NAP1/his-
tone octamer (800/100 nM) and DNA,,, or DNA, ¢ (each 100 nm)
were prepared in assembly buffer (10 mm Tris-HCI, pH 7.5, 150 mm
KCl, 0.5 mm dithiothreitol, 2 mm MgCl, and 0.05% Brij-35 (Pierce
Biotechnology, Rockford, IL)). In experiments with H1 or ACF (1
ACF complex: 50 histone octamers, reaction supplemented with
either 1 mm ATP or CTP) a decreased salt concentration of 75 mm
KCl was used. Chromatosome assembly was studied by the addition
of preincubated 150 nm H1'and 300 nm NAP1. The increased ratio of
H1 to histone octamer (1.5:1) was chosen to shift the equilibrium
more toward chromatosome formation. The samples were incubated
at 25 °C for the times indicated prior to loading on a 1% Tris borate-
EDTA (Figs. 1, Eand F, 2C, 5, and 6 and supplemental Figs. S1-S4) or
Tris acetate-EDTA-agarose gel (Figs. 1, A and B, and 3). Equivalent
results were obtained, with Tris acetate-EDTA providing a slightly
better separation of species on the 207-bp DNA. The distribution of
species was also analyzed by native PAGE using 5.5% (29:1) acrylam-
ide-bisacrylamide gels, which allowed a separation of complexes at
different positions on the DNA. Gels were run at approx. 5 V/cm in
0.3X Tris borate-EDTA at 4 °C for 12 h. Bands were visualized by
ethidium bromide (EtBr) fluorescence after staining or by recording
the Alexa 488 signal of the histone label. Quantification was con-
ducted using ImageQuant software (Amersham Biosciences). For
the evaluation of the EtBr signal the amount of free DNA in equilib-
rium at the end of the time course (typically 10-15%) was deter-
mined and used to calculate the amount of histone-DNA complexes
from the fraction of bound DNA. The resulting values were used to
derive the amount of the different histone-DNA species at the other
time points. The time lag in the EMSA experiments between loading
the samples on the gel and the stop point of the ongoing assembly
reaction was determined to be 200 s. This value was derived from a
comparison with the fluorescence anisotropy data as well as from
using it as a free parameter when fitting the gel data to the models
given in Equations 1-4. Least-squares fitting of kinetic rate con-
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stants was performed with the software package GEPASI, which
automatically derives differential equations for a given model (61).

Fluorescence Anisotropy Measurements—Fluorescence anisotropy
experiments were conducted on a Jasco FP-6300 spectrofluorometer
(Jasco, Tokyo, Japan). Histone/NAP1 samples with Alexa-labeled Hafor
H2Af in assembly buffer were excited at 496 nm, and emission was
monitored at 513 nm. H4 was used for tetrasome assembly and H2A"
for nucleosome assembly. Anisotropy data acquisition and analysis were
conducted essentially as described previously (62). The assembly reac-
tion was started by the addition of DNA,,, or DNA, 4 to a final concen-
tration of 100 nm duplex. Upon transfer of histones from NAPI to the
DNA, the total fluorescence intensity increased, as given by the quench-
ing factor, g. The fraction of histone H2A® or H4f bound to DNA at
equilibrium, 6., was determined in the EMSA experiments from the
amount of free DNA and assigned to the fraction of H2A or H4 bound to
DNA when the anisotropy signal reached a plateau. The fraction of
DNA-bound histone 6 in dependence of assembly time ¢ was calculated
according to 0(t) = (r — ruyapr)/[(F — rvapiw) T 47 Conan — 7))
where r is the measured anisotropy, rysp;.; the anisotropy of the
NAP1-histone complex, and rpy,_1; the anisotropy of the DNA-histone
complex (63). From the analysis of the data the following values were
obtained: (i) octamer formation with DNA, ¢ 0., = 0.63, ¢ = 1.25,
Faapin = 0.145 (NAP1-H2A' complex), rpnap (DNA-H2A! com-
plex) = 0.098; (ii) octamer formation with DNA,;: 0., = 0.72, 4 = 1.48,
Faapiy = 0.152 (NAP1-H2A complex), rpap = 0.086 (DNA-H2AS
complex); (iii) tetrasome formation with DNA,: 6, = 0.33, 4 = 1.22,
Faapin = 0.188 (NAP1-H4' complex), rpyapy = 0.139 (DNA-H4S
complex).

RESULTS AND DISCUSSION

NAPI-mediated Mononucleosome Assembly Proceeds via a Hexa-
some Intermediate—To investigate the kinetics of nucleosome
assembly by histone chaperone NAP1, products and intermediates of
the reaction were analyzed on agarose gels (Fig. 1). For this purpose
NAPI and the histone octamer were mixed in a stoichiometric ratio
of one histone per NAP1 monomer, which was determined previ-
ously as the optimal ratio for complex formation (35, 36). Fractions
of this premix were then allowed to react for the indicated times with
the 207-bp (DNA,,,) or 146-bp (DNA,,,) rDNA fragment, in an
equimolar ratio between histone octamers and DNA, and analyzed
on agarose gels (Fig. 1). Products were detected via staining of the
DNA with EtBr (Fig. 1, A and E) or by recording the fluorescence of
Alexa 488-maleimide-labeled H2A (H2AY) of the same gel (Fig. 1, B
and F). With the Alexa 488 signal three bands were identified, which
represent the slow moving NAPIZ—(HZAf-HZB) complex (36, 39) and
two DNA-histone particles (Fig. 1, Band F). With EtBr staining of the
gels (Fig. 1, A and E) the “complete” nucleosome band was identified
from a comparison of the migration behavior with salt-reconstituted
nucleosomes (see also Fig. 3C and supplemental Fig. S1A). The sec-
ond species running below the nucleosome was assigned to a hexa-
some, e.g. a subnucleosomal particle, in which only one H2A-H2B
dimer is present. Per definition such a complex displays a 50%
decreased ratio between histone H2A' fluorescence and EtBr stain-
ing compared with the complete nucleosome. In agreement with this
expectation, quantification of the Alexa 488 to EtBr signal showed a
ratio of 1.8 * 0.3 for the normalized H2A" fluorescence intensity of
the nucleosome band to that of the hexasome (Fig. 1, C and G).

The formation of hexasome and nucleosome particles on both DNAs
was quantified by averaging the results from numerous gels. Compared
with the DNA,, template the abundance of hexasomes increased sig-
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FIGURE 1. Time course of NAP1-mediated 1 bly analyzed by agarose gel electrophoresis. Positions of the NAP1,-(H2A*H2B) complex (NAPT +H2A"), the

nucleosome (NUC), the hexasome (HEX), and the free DNA (DNA) are labeled. Lane D contains only DNA,, or DNA, 46, and lane M is a 100-bp DNA length standard. On the left side (A-D)
the assembly on the DNA,,, fragment is analyzed. The right side (E-H) shows the assembly on DNA, 4. A and E, visualization of DNA-containing bands by EtBr staining. B and F,
fluorescence signal of Alexa 488-labeled H2A (H2A") of the gels shown in panels A and E. C and G, ratio of the H2Af (Alexa 488) to DNA (EtBr) fluorescence. The ratio was normalized to
the value of 1 for the putative hexasome band. Thus, a value of 2 is expected for the nucleosome if the hexasome bands represent a species that indeed carries one fluorophore. The
average of the determined ratio was 1.83 = 0.30 (C, DNA,,,) and 1.81 = 0.20 (G, DNA, 44), demonstrating that the assignment of nucleosome and hexasome is correct. D, for
quantification of the kinetics, seven time courses with DNA,,, were averaged, and the resulting fractions of nucleosomes (M) and hexasomes ([]) are shown. The lines represent a
least-squares fit with the model given in Equations 1.1-3.1 and the parameters listed in Table 1. H, quantification of six time courses with DNA, 46. The analysis was conducted as
described in D.

nificantly with DNA, ¢ (Fig. 1, D and H), and in equilibrium the hexa- ~H2A-H2B were added, all subnucleosomal particles converted into
some band was about twice as prominent as the nucleosomal band.  nucleosomes (data not shown).

With both DNAs a significant fraction of H2A*H2B remained bound to The formation of a relatively stable hexameric complex during
NAP1, as not all hexasomes maturated to full nucleosomes in equilib-  nucleosome assembly as well as during the NAP1-mediated disintegra-
rium. However, if more NAPI1,-(H2A-H2B) complexes or free tion reaction (31, 39) appears rather surprising, because the two
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FIGURE 2. Comparison of assembly kinetics assessed by fluorescence anisotropy and EMSA. A, the assembly reactions were performed with fluorescent H2Af and DNA,,. The
measured anisotropy change was converted into the fraction of DNA-bound H2A (dotted line). The solid line is the fit to the gel electrophoresis data for DNA, (see Fig. 1), where the
amount of DNA-bound H2A (H) is given by the concentration of nucleosome and hexasome. B, same as in A but with DNA, 4. C, gel electrophoretic analysis of the NAP1-mediated
assembly of tetrasomes. The assembly kinetics of a solution containing 200 nm recombinant H3-H4 complexed with 400 nm NAP1 were investigated with either DNA,, or DNA, 44 at
a concentration of 100 nm. The reaction reaches equilibrium quickly, and on average 30-35% of the DNA is complexed into tetrasomes. D, quantification of tetrasome assembly
kinetics. Fluorescence anisotropy measurements with H4 and DNA,, (dotted line) were analyzed as described for A and are plotted with the agarose gel electrophoresis data (H). Fits
of the anisotropy data to Equations 1.1a and 1.1b are represented by the solid and dashed line, respectively. The resulting values for the kinetic rate constants were k; = k'; =~k ;

(1.3£04)-10*m "s "andk_,, =87 +26-10°m ' s, which corresponds to k' _; ~

H2A-H2B dimers adopt symmetric positions within the nucleosome. A
possible explanation would be differences between the hexasome and
nucleosome in the organization of the DNA around the histone core,
which might also be relevant in facilitating transcription through chro-
matin, as discussed previously (39, 64, 65). Such a stabilized hexasome
conformation appears to require physiological ionic strength, as disas-
sembly experiments by increase of ionic strength showed no difference
in the dissociation of the H2A*H2B dimers from hexasomes and nucleo-
somes (66).

Analysis of Histone-DNA Complexes Formed during Assembly by
Native PAGE—The different species formed during nucleosome assem-
bly with the DNA,, were further examined by native PAGE, which
allows the separation of subnucleosomal particles and differently posi-
tioned nucleosomes (66 —68) (supplemental Fig. S1, C and D). In these
experiments the tetrasome was the slowest migrating species followed
by the nucleosomes and the faster migrating hexasomes. It can be seen
that the amount of tetramer-DNA complex is negligible and well below
10% of the total intensity. Thus, the assembly of tetrasomes into hexa-
somes takes place quickly, making tetrasomes a rather transient species.
In a number of studies the DNA sequence utilized here was shown to
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harbor multiple nucleosome positions with varying strengths (69 -72).
From a comparison with recombinant, salt-reconstituted mononucleo-
somes three major nucleosome bands were identified (supplemental
Fig. S1IC, NUC,_;), which formed with slightly different kinetics. At
least two and possibly three bands (HEX,_,) appeared well before the
nucleosome bands, suggesting that these represent the hexasomes, as
inferred from the agarose gel analysis.

Kinetic Analysis of Assembly Processes by Fluorescence Anisotropy
Measurements—The kinetics of tetrasome and nucleosome assembly
were also monitored by fluorescence anisotropy spectroscopy and com-
pared with the EMSA data (Fig. 2). Histone octamer with H2Af was
complexed with NAPI and then assembled with the DNA template.
The course of the reaction was followed by the change in fluorescence
anisotropy of H2A  upon binding to DNA,, (Fig. 24) and DNA, . (Fig.
2B). The anisotropy change was expressed in terms of the fraction of
DNA-bound H2A" and was in good agreement with the EMSA data.

To examine tetrasome formation, assembly reactions were carried
out without H2A and H2B, and analyzed by gel electrophoresis and
fluorescence anisotropy measurements (Fig. 2, C and D). These exper-
iments show that the reaction proceeded quickly, given that equilibrium
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bly by NAP1 analyzed via agarose gel electrophoresis. The reaction was carried out with the standard core histone/NAP1 assembly mix and

Alexa 488-labeled H1 (H1") complexed with NAP1. The nucleosome (NUC), hexasome (HEX), chromatosome (CHR), and NAP1,-H1" complex (NAP1+H1") bands are indicated. A,
ethidium bromide staining of one assembly time course. B, the fluorescence signal of Alexa 488-labeled H1f of the gel from Ais shown. The NAP1-H1 complex and the chromatosome
band are visible. C, identification of chromatosome particles. Lane 1, salt-reconstituted nucleosomes; lane 2, NAP1-reconstituted nucleosomes in equilibrium with hexasomes; lane 3,
salt-reconstituted chromatosomes; lane 4, sample of 100 nm salt-reconstituted nucleosomes to which NAP1,-H1" was added at 100 nw concentration; lane 5, end point of NAP1-
mediated nucleosome assembly reaction with stoichiometric amount of NAP1,-H1%; lane 6, same as before but with a 3-fold excess of NAP1,-H1f over nucleosomes; lane 7, DNA,.
D, quantification of five assembly kinetics as shown in A and B. The solid lines represent a fit to the models in Equations 1.1, 2.1, 3.1, and 4.1. H1 binding to nucleosomes occurred with

adissociation constant of K’ ; , = 168 = 142 nm (Table 2). Kinetic parameters from the quantitative analysis are given in Table 1.

was reached after ~5 min. The amount of free DNA was significant for
both DNA lengths, and only 30-35% of the DNA was complexed into
tetrasomes. Hence, the dissociation reaction appeared to be quite prom-
inent and was enhanced by the competition of NAP1 with the DNA for
the H3-H4 histones. The resulting data set for tetrasome formation was
analyzed according to different models (see below).

The Assembly Mechanism Shows Little Dependence on DNA
Sequence—A possible dependence of the assembly reaction on DNA
sequence was investigated by the use of templates with random
sequences. First, we utilized 146-bp fragments isolated from HeLa
cells that were protected from micrococcal nuclease before purifica-
tion (supplemental Fig. S2A). The kinetics appeared similar to the
5 SrDNA template. In addition, defined fragments of 146 and 207 bp
in length with no apparent positioning sequences were studied (sup-
plemental Fig. S2, B and C). The reaction proceeded in a manner
similar to experiments with sequences harboring the rDNA posi-
tioning motif. Again a difference between the assembly kinetics for
the two DNA lengths was observed.

NAPI Can Guide the Complete Assembly to the Chromatosome
Structure—Recent studies highlight the function of NAP1 as a linker
histone chaperone (38, 39). To assess the ability of NAP1 to assemble
chromatosomes, e.g. nucleosomes plus linker histone H1, we utilized
fluorescently labeled H1". This protein was complexed with NAP1 in the
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ratio required for stoichiometric binding of one NAP1 dimer per H1
(39). It can be seen in the competition experiment between NAP1 com-
plexes with Alexa 633-labeled H2A™H2B dimers and H1! that the linker
histone has a high affinity to NAP1 similar to the H2A-H2B dimer (sup-
plemental Fig. S3).

The NAP1,-H1! complex was assembled with DNA,, together with
a core histone/NAP1 premix (Fig. 3). The differential detection of EtBr-
stained DNA and the Alexa 488 signal from H1'in comparison with
salt-reconstituted nucleosomes allows the clear identification of the
chromatosome particle and demonstrates the incorporation of H1 into
the nucleosome structure (Fig. 3, A-C). From experiments at different
ratios of NAP1,-H1f to core histones, we infer that H1 binds preferen-
tially to the nucleosome over the hexasome, as the increase of the
NAP1,-H1 concentration primarily reduces the amount of nucleosome
(Fig. 3C, lanes § and 6). At stoichiometric ratios of NAP1,-H1 to
nucleosomes, assembly into chromatosomes was not complete, ie. a
significant fraction of H1 remained associated with NAP1 (Fig. 3, A and
C). This result was also observed when NAP1,-H1 was added to mono-
nucleosomes preassembled by salt dialysis (data not shown). The later
experiments showed that roughly ~75% of nucleosomes bound H1
when equimolar amounts of NAP1,-H1f (100 nm) were added. This is in
accordance with our previous results from extraction experiments on
isolated chromatin fibers, which show a substantial removal of H1 by
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FIGURE 4. Mechanism of stepwise nucleosome
assembly mediated by NAP1. The reaction is
depicted as a process consisting of five reversible
reactions with corresponding rate constants. First,
two NAP1,-(H3-H4) complexes react consecu-
tively with the DNA to form a tetrasome particle
and two free NAP1 dimers. Second, the tetrasome
particle reacts with NAP1,-(H2A-H2B) to form a
hexasome particle and a NAP1 dimer. Third, the
hexasome particle is augmented with a second
H2A-H2B dimer from the NAP1,-(H2A-H2B) com-
plex, resulting in a complete nucleosome and
release of NAP1,. Fourth, one linker histone is
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added to the nucleosome from NAP1,-H1. A fit to \ / Hexasome Nucleosome Chromatosome
the depicted model resulted in the values given in S
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FIGURE 5. Time course of NAP1-mediated H2A.Z I

bly analyzed by agarose gel electrophoresis. A, the assembly kinetics of an H2A.Z-containing

octamer with DNA,,, were investigated. The position of the nucleosome (NUC), hexasome (HEX), and free DNA,, (DNA) bands are shown. Lane D contains the DNA,,, sample, and
lane M is a 100-bp DNA ladder. B, for quantification six time courses with DNA,, were averaged, and the resulting fractions of nucleosomes (M) and hexasomes ([J) are shown. The
lines represent a least-squares fit to the model in Equations 1.1-3.1 with the parameters given in Table 1. C, same as in A but with DNA, 4. D, quantification of 12 time courses with

DNA, 46, with labeling as in B.

NAP1 (39). A quantification of the complete chromatosome assembly
reaction from several gels is presented in Fig. 3D, and the corresponding
reaction scheme is given in Fig. 4.

NAPI Assembles H2A.Z into Mononucleosomes with the Same Mech-
anism as Canonical H2A—Recent studies report on the interaction of
NAP1 with histone octamers containing the variant histone H2A.Z (31,
33). Therefore, it was investigated how NAP1 assembles H2A.Z con-
taining mononucleosomes. Assembly was performed with DNA,,, (Fig.
5A) and DNA, ¢ (Fig. 5C). The quantification of several gels (Fig. 5, B
and D) revealed that the kinetics and mechanism were similar to the
formation of the canonical nucleosome. This result is consistent with
previous studies showing that the crystal structure (14) and the solution
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conformation at physiological ionic strength (73) of nucleosomes con-
taining H2A.Z are similar to the canonical nucleosome. However, the
equilibrium between hexasome and nucleosome was shifted somewhat
toward the nucleosome with both DNA lengths. This could reflect dif-
ferences in the stability of the nucleosomal particles that are dependent
on the incorporation of the H2A variant and/or differences in their
affinity to NAPIL. Previous investigations revealed the capability of
NAP1 or RNA to disintegrate histone dimers from complete mononu-
cleosomes in a concentration-dependant manner (31, 39, 65). This find-
ing was used to address possible stability differences by performing
extraction experiments with salt-reconstituted nucleosomes (canonical
and H2A.Z-containing). The H2A.Z nucleosomes were more resistant
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to RNA or NAPI-mediated dissociation than the canonical nucleo-
somes with DNA,, (supplemental Fig. S4) as well as with DNA, ;¢ (data
not shown). Thus, the stability difference seems to be mostly intrinsic to
the particle and not caused by different affinities to NAP1. An increased
stability of H2A.Z nucleosomes was also observed previously in studies
on their salt-mediated disassembly (74), whereas in a recent report both
H2A.Z- and H2A-containing nucleosomes appear equally resistant to
removal by NAP1. The latter result is possibly due to somewhat differ-
ent experimental conditions that stabilize the nucleosome state (75).
The quantitative analysis of our data (see below) indicates that the
H2A.Z-containing nucleosomes have an ~3-fold lower dissociation
constant. This difference is not pronounced enough to generate an
energy-independent, complete exchange of H2A:H2B dimers with
H2A.Z-H2B via NAP1, which is in agreement with earlier studies (31).
Nevertheless, the higher stability of the H2A.Z-H2B dimer in the
nucleosome might contribute to its enrichment in specific types of het-
erochromatin (76, 77) and its function as a regulatory promoter element
(78, 79).

ACF Does Not Change the Kinetics of NAPI-mediated Mononucleo-
some Formation—In previous experiments clear evidence has been pre-
sented that ACF can speed up the assembly of nucleosome arrays with
NAP1 as histone carrier (37). Accordingly, two models of the ACF-
aided assembly mechanism were proposed (37, 80): One assumes a two-
step process in which histone chaperones deposit nucleosomes inde-
pendently and the remodeling complexes render the irregularly spaced
nucleosomes into ordered arrays by translocating single nucleosomes
(Ref. 81 and references therein). The second model proposes a cooper-
ative function of chaperones and remodeling complexes during
assembly.

To assess the effect of ACF on NAP1-mediated mononucleosome
assembly, kinetics were examined in the presence of ACF and 1 mMm
ATP. In control experiments we noticed that ATP alone affected the
kinetics, hindering the hexasome to nucleosome transition, whereas
the lowered salt concentration needed for efficient remodeling had
little effect (Fig. 6A). The modulation caused by ATP could be repro-
duced with CTP, pointing to a competition of the nucleotides with
histone binding to DNA (Fig. 6A4). A modulating effect of ATP on
NAPI1-mediated assembly has also been reported previously (37).
Apart from this effect, the reactions with ACF proceeded with sim-
ilar overall kinetics and via the same reaction mechanism as the
assembly without the chromatin remodeler and ATP (Fig. 6B). From
these experiments we concluded that ACF does not increase the rate
of NAP1-mediated mononucleosome assembly. The acceleration of
the chromatin assembly processes by ACF could rather be estab-
lished by creating a favorable regular spacing of nucleosomes to form a
chromatin fiber in which the packaging of the nucleosomes is optimized
and nucleosomes are stabilized. This would disfavor the back-reaction
(nucleosome dissociation) and at the same time make more free DNA
accessible, facilitating the deposition of additional nucleosomes.

A Kinetic Model for Nucleosome Assembly by NAPI—Based on the
results from the gel electrophoretic and fluorescence anisotropy analy-
sis, a kinetic model for the assembly of chromatosomes by NAP1 was
derived and is described by Equations 1—4 (Fig. 4). The model is based
on the association states of NAP1 alone and its complexes with histones
as determined previously (34, 36, 39). NAP1 exists predominantly as a
dimeric complex carrying either one H2A-H2B or H3-H4 dimer or a
single H1 at the protein concentrations used here. At higher concentra-
tions larger oligomers are observed for complexes with NAP1 (36) as
well as for the isolated histones, as reviewed previously (45). The com-
plete reaction scheme is described by Equations 1.1, 2.1, 3.1, and 4.1 and
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FIGURE 6. Effect of the activity of the chromatin remodeling complex ACF on the
nucleosome assembly reaction. Labels refer to the nucleosome (NUC), hexasome
(HEX), and free DNA (DNA) bands. A, assembly kinetics with DNA,,. Time points and the
presence of either 1 mm CTP or ATP are indicated. A slightly reduced formation of nucleo-
somes was observed in the presence of either ATP or CTP that was independent of ACF
activity. B, complete time course (3—153 min) for the assembly reaction with DNA,; in
the presence of 1 mm ATP and ACF.

was used to derive rate constants from a fit to the EMSA and anisotropy
data using the software package GEPASI (61). In these reactions NAP1
mediates the nucleosome assembly reaction without being part of the
final product. In this respect NAP1 is similar to an enzymatic compo-
nent, with the notable difference that it is present in stoichiometric
amounts and shifts the equilibrium distribution of species by binding
the free histones. If this competitive effect of free NAP1, is included into
apparent rate constants k', the assembly process can be fitted to a sim-
plified set of bimolecular reactions of the form A + B = C. The resulting
forward and back rate constants, k, are in units of M *s~ tand s}, with
k’forward = kforward and k’back = (kback '[NAP12]) TheY Yleld an apparent
equilibrium  dissociation constant, K', = k'pu/K orward =
(kpaci * INAPL, ) k¢orwara = Kz [NAPL,]. This description, which
allows a simple comparison with other protein-DNA binding reactions,
is given by Equations 1.2, 2.2, 3.2, and 4.2. The corresponding fit was of
similar quality as for the complex model. The resulting rate and equi-
librium constants are listed in Tables 1 and 2.

Tetrasome Formation—The rate constants for tetrasome forma-
tion were derived from the assembly reactions with only H3-H4 his-
tones by EMSA and anisotropy measurements (Fig. 2, C and D).
Within the resolution of our experiments no smaller subcomplex
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TABLE 1
Kinetic rate constants for the NAP1-mediated assembly of nucleosomes

Kinetic rate constants refer to the reactions described in Equations 1 (tetrasome), 2 (hexasome), 3 (nucleosome), and 4 (chromatosome) and were derived from fitting the
EMSA and fluorescence anisotropy data with GEPASI (61). Indices of rate constants refer to the corresponding steps where the prime denotes a simplified scheme and in
which NAP1 is included only implicitly. See text for details.

Sample DNA,,, H2A DNA,,, H2A.Z DNA,,, H2A DNA,,, H2A.Z

k=K, ~k, (M s7h (25+0.7)-10*
ko, ts ! (8.7 = 2.6) - 10°
K i~k _,(h (39+14)-107°
ky=Kk,(M Ts7h (4.1 +35)-10°

,(M s (4.4 *+ 3.0) - 10?
kK _,(s7h (19+17)-1072
ky=kym 's) (5.9 +0.5) - 10° (8.8 +0.6) - 10° (7.3 +1.1)-10° (4.5 +0.4) - 10°
kg tsTh 0.5 +0.1)-10° 0.3 +0.1)-10° (4.5 +0.8) - 10° 0.9 +0.2)-10°
K _5(s7h (21+04)-107* (1.1+02)-107* (13.9=2.8)-107* (3.0 +0.4)-107*
k,=k,(m s (7.7 = 3.7) - 10° ND“
ko,(mts™h (2.6 +1.2)-10° ND“
K_, (7Y (1.3+09)-1072 ND*

“ This parameter could not be determined with DNA ,¢, as chromatosome formation requires a DNA fragment length of about 169 bp or longer. Chromatosome formation with
H2A.Z and DNA,; showed similar kinetics, but the data set was insufficient to derive reliable values for H1 binding and dissociation.

TABLE 2
Apparent dissociation constants for NAP1-mediated assembly

Equilibrium dissociation constants refer to the reactions described in Equations 1.2, 2.2, 3.2, and 4.2. The value of K’ , is derived from 'y, /k" ¢ rwara (Table 1). As K’y
includes the concentration of free NAP1, the corresponding value of K, for the complete reactions (Equations 1.1a, 2.1, 3.1, and 4.1) can be obtained from K, = K,
[NAP1,], where [NAPL,] is the concentration of free NAP1 dimer.

Sample K, , tetrasome” K’ , hexasome” K’ ; nucleosome K',, chromatosome
nm nm nm nm
DNA,,,, H2A 150 = 30 4.6 =57 367 168 *+ 142°
DNA,,,, H2A.Z 150 = 30 4.6 £5.7 13x2 168 * 142°
DNA, ., H2A 150 * 30 46+ 57 190 * 48 ND“
DNA,,., H2A.Z 150 = 30 4657 67 = 11 ND“

“ Average value for the ratio of k' _; to k', (with kX', ~ k'_, , and k;, = k| = k; ;) determined in the individual assembly experiments with H2A/H2A.Z and DNA,,/DNA | ;.
The corresponding value from the kinetic rate constants given in Table 1 is 160 = 70 nm.

b Average value from assembly experiments with H2A/H2A.Z and DNA.,,/DNA | .

¢ Data are based on the analysis of assembly with the canonical H2A form. The given value corresponds to the complete assembly in the presence of NAP1. A value of K, , = 10 =
7 nMwas obtained from binding of 100 nm H1 complexed with 200 nm NAP1 monomer to 100 nm salt-reconstituted nucleosomes. This lower value for K", , reflects the reduced
NAP1, concentration of competing free NAP1. Chromatosome assembly with H2A.Z showed similar kinetics and chromatosome/nucleosome ratios as with H2A within the

limited number of experiments.

@ This parameter could not be determined with DNA 4, as chromatosome formation requires a DNA fragment length of about 169 bp or longer.

than the tetrasome was detected. Based on earlier results a complex
between a H3-H4 dimer and one NAP1 dimer is the predominant
association state under the conditions of our experiments (36). Thus,
the reaction is likely to occur in two steps, as discussed recently for
the in vivo process (82— 84).

k
NAP1,(H3 - H4) + DNA éDNA(m - H4) + NAP1,
k—‘l.1
k1‘2
NAP1,(H3 - H4) + DNA(H3 - H4) =—
k*1.2
DNA(H3 - H4), + NAP1,

(Eq. 1.1a)

As the DNA(H3-H4) species is not detected in our experiments, the

binding of the two H3-H4 dimers must occur with high cooperativity,

ie. ki, >=> ky;. At higher protein concentrations, where

NAP1,(H3-H4), is observed (36), the tetrasome will likely form accord-
ing to Equation 1.1b.

k
NAP1,(H3-H4), + DNA —
k-,

DNA(H3 - H4), + 2NAP1,
(Eq. 1.1b)
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Fitting to the data for tetrasome formation with either Equation 1.1aor 1.1b
yielded fits of equally good quality (Fig. 2D). The resulting values of k; ; and
k, were nearly identical, as k; ; was the rate-limiting step for the two-step
model with k; , => k, ;. Itis noted that for fitting the complete nucleosome/
chromatosome formation reaction only the total rate of tetrasome forma-
tion is relevant for the subsequent reactions. For these it did not make a
detectable difference whether Equation 1.1a or 1.1b was selected.

A simplified bimolecular tetrasome formation reaction is given by
Equation 1.2, in which NAP1 is not included explicitly. The simplified
two-step reaction is given by

kll.'l
(H3 - H4) + DNA ==—=DNA(H3 - H4)
kl*l]

k's,
(H3 - H4) + DNA(H3:H4) =——DNA(H3 - H4),
g

(Eqg. 1.2a)

The alternative reaction is the tetrasome formation from a preexisting

(H3:-H4), tetramer (Equation 1.2b). The latter equation is likely to reflect

the appropriate association state of H3-H4 for high protein concentra-
tions (85).

k,‘l
(H3-H4), + DNA === DNA(H3 - H4),
kK
(Eq. 1.2b)
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The rate constants in the above equations are related according to k; =
k') =~k andbyk'_;,=k_,,[NAP1,] =~ k'_,. The tetrasome had an
apparent dissociation constant of K’ ;; = 150 * 30 nm.

Hexasome Formation—The hexasome formation is characterized by
its rapid formation from the tetrasome, reducing the tetrasome concen-
tration below the detection limit in our experiments.

k,
DNA(H3 - H4), + NAP1,(H2A - H2B) —
k-,

DNA(H3 - H4),(H2A - H2B) + NAP1,
(Eq. 2.1)

The corresponding simplified reaction is given by Equation 2.2 with
k', = kyand k' _, = k, * [NAPL,].

K,
DNA(H3-H4), + (H2A-H2B) ==
k’_z

DNA(H3 - H4),(H2A - H2B)

(Eq. 2.2)

The apparent dissociation constant for the hexasome formation was
4.6 = 5.7 nM. Thus, the hexasome is a stable intermediate that forms
during nucleosome assembly in the presence of the competing factor
NAPI1. This is also reflected by the presence of hexasomal particles at
the end of the time courses, where equilibrium was reached.

Nucleosome Formation—The assembly of the nucleosome is com-
pleted by addition of the second H2A-H2B dimer according to Equa-
tions 3.1 and 3.2 for the simplified reaction (k'y; = k; and k'_; =
[NAPL,] - k_j).

ks
DNA(H3 - H4),(H2A - H2B) + NAP1,(H2A - H2B) =
ks
DNA(H3 - H4),(H2A - H2B), + NAP1,
(Eq. 3.1)
k’3
DNA(H3 - H4),(H2A - H2B) + (H2A-H2B) =—
K,
DNA(H3 - H4),(H2A - H2B),
(Eqg. 3.2)

The DNA length and the substitution of canonical H2A with H2A.Z
significantly influenced the resulting dissociation constant of this reac-
tion. The reduced presence of hexasomes for the H2A.Z-containing
particles can be assigned to a ~3-fold lower dissociation constant of the
H2A.Z nucleosome (Table 2). When the shorter DNA was used, the
apparent K’ , 5 increased around 5-fold from 31 * 7 to 190 * 48 nm for
the canonical nucleosome and from 13 % 2 to 67 = 11 nM for the H2A.Z
nucleosome. This difference appears to be caused mostly by alterations
in the dissociation rate of the nucleosome, which varied more signifi-
cantly then the association rate (Table 1).

Chromatosome Formation—The complete chromatosome structure
is obtained by augmentation of nucleosomes with H1.
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FIGURE 7. Model for the folding of the chromatin fiber in the presence of NAP1 and
a remodeler/assembly factor like ACF. The deposition of (sub)nucleosomal particles
by NAP1 and other chaperones results in formation of a dynamic unordered chromatin
chain that contains hexasomes, nucleosomes, and chromatosomes with irregular spac-
ing on the DNA. This chain is converted into a regular structure by ATP-dependent
remodeling machines such as ACF. In this conformation a chromatin fiber is established
in which the nucleosomes are stabilized. Thus, H2A-H2B dimer dissociation is impaired,
and the hexasome state is depleted. In contrast, NAP1-mediated binding and dissocia-
tion of linker histone is still possible. The ratio of NAP1,-H1 to nucleosomes will deter-
mine the linker histone content (Fig. 3). Free NAP1 is able to extract H1 from chromatin
fibers and induce a transition from a compact chromatin state with high linker histone
content to a more open conformation (39).

ks

pra—

ks

DNA(H3 - H4),(H2A - H2B),H1 + NAP1,
(Eq. 4.1)

DNA(H3 - H4),(H2A - H2B), + NAP1,H1

The simplified reaction is described by Equation 4.2, with ', = k, and
k' _, = [NAP1,]-k_,.

!
ks
(_9

K,

DNA(H3 - H4),(H2A - H2B),H1
(Eq. 4.2)

DNA(H3 - H4),(H2A - H2B), + H1

The apparent K’ ,, for complete assembly by NAP1 in the presence of
150 nM NAP1,-H1 was calculated from k', and k' _, to be 169 = 142 nm.
A value of K',, = 10 = 7 nm was derived by binding of 100 nm
NAP1,-H1 to the same concentration of preassembled, salt-reconsti-
tuted nucleosomes on DNA,,; (data not shown). This increase of the
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apparent affinity reflects the shift of the equilibrium with decreasing
amounts of NAPI. It is consistent with a previously determined disso-
ciation constant for H1 nucleosome binding of about 2 nm in the
absence of chaperones (86).

Comparison with in Vivo Assembly Kinetics—Previously it was shown
that H3 and H4 are bound in the sub-minute time scale to DNA in vivo,
whereas the deposition of H2A and H2B takes 2—10 min (40). We esti-
mate from experiments with autofluorescent histones (87— 89) that the
equivalent of 1-10 uM histone octamer is not bound to the DNA and
available for assembly during replication. At these um concentrations,
the assembly of a mononucleosome would occur with ¢, ~ 1 min or
even faster in the minimal system studied here, making the kinetics
comparable with those observed in vivo.

Conclusions—NAP1 is capable of guiding the complete and specific
assembly of core, variant, and linker histones with DNA into nucleo-
somes and chromatosomes (Fig. 4). It reliably prevents unspecific his-
tone aggregation as well as the formation of DNA-(H2A-H2B) com-
plexes that cannot maturate into nucleosomes (31, 38, 80). The specific
formation of the nucleosome/chromatosome complex can be explained
simply on the basis of thermodynamic differences in the interactions
among NAPI, histones, and DNA. The affinity of NAP1 toward H3-H4
appears to be approximately that of linear DNA, thus causing a transfer
of H3-H4 onto DNA. In contrast, the relative affinity of H2A-H2B
toward the chaperone must be above that for DNA, which prevents
release of H2A'H2B onto free DNA. Once a tetrasome structure is
formed, it provides a higher affinity binding platform for H2A-H2B dim-
mers so that the hexasome and nucleosome particles form. The latter
structure is the preferred binding site for association with the linker
histone so that the complete chromatosome complex assembles readily
in a specific manner.

Our results have a number of implications for the assembly of the
chromatin fiber, as proposed by the model depicted in Fig. 7. First, the
presence of a hexameric histone structure as a stable assembly interme-
diate, as well as the rapid equilibrium between the nucleosome and the
chromatosome species, suggests that all three species will be present
simultaneously to form the nascent chromatin fiber with an irregular
spacing of these particles. Second, the activity of the chromatin remod-
eler ACF has no effect on the assembly of the mononucleosome but will
be required to form a more regular chromatin fiber structure. Third, the
equilibrium between hexasomes and nucleosomes is shifted toward the
nucleosome as the final chromatin fiber conformation with regular
spacing of nucleosomes is established. In this higher order structure,
core histones are protected from possible extraction by NAP1 through
internucleosomal contacts. In contrast, the relative affinity of NAP1 to
H1 is high enough to modulate its content in the fiber structure without
disintegration of core nucleosomes (39).
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Supplementary Figure S1. Electrophoretic mobility of (sub)nucleosomal particles on agarose and
polyacrylamide gels. (A+B) Lanes 1-3: complexes with canonical histones; lanes 4-6: complexes with
H2A.Z histone instead of H2A; lanes 1 and 4: salt reconstituted mononucleosomes; lanes 2 and 5: NAPI
assembled nucleosomes and hexasomes; lanes 3 and 6: NAP1 assembled tetrasomes; lane M: 100 bp
DNA ladder. The positions of nucleosome (NUC), hexasome (HEX) and tetrasomes (TET) are indicated
and mobility patterns were analyzed on (A) DNA,y7 or (B) DNA 6. (C) Time course of NAPI
mediated mononucleosome assembly with DNA,y7 analyzed by native PAGE. Lanes marked 3-123 min
show samples taken from different time points during the reconstitution reaction. Lane “T” contains the
reconstituted tetrasome and “M” the DNA standard. The positions of tetramer (TET), three major
nucleosome (NUC;, NUC, and NUCj3), two or three hexasome (HEX{/HEX,, HEX3) and the free
DNAj(7 band are indicated. (D) Intensity profiles of the 3 and 123 min time points.

Supplementary Figure S2. Time course of NAP1 mediated mononucleosome assembly on random
DNA sequences that do not contain a defined nucleosome positioning sequence. The observed kinetics
were similar to those observed for the rDNA positioning sequences of the same length. The nucleosome
(NUC), and hexasome (HEX) and free DNA (DNA) band are labeled. The lanes marked with “D” and
“M” contain the input DNA and the length standard. (A) Assembly reaction with a pool of 146 bp DNA
fragments extracted from HeLa cells. (B) Assembly with a defined non-positioning sequence of 146 bp
produced by PCR. (C) Assembly with a defined non-positioning sequence of 207 bp produced by PCR. A
reduced formation of (sub)nucleosomal particles was observed compared to the 146 bp DNA shown in
panel B as observed also for the rDNA fragments DNA,j7 and DNA 44 (Fig. 1).

Supplementary Figure S3. Competitive binding of Alexa 633 labeled H2A™H2B dimer (red) and Alexa
488 labeled H1f (green) to NAP1. A saturated complex of NAP1,-(H2A™H2B) dimer (4 uM NAP1 dimer
with 2 uM H2A!H2B dimer), lane 1, was titrated with increasing amounts of H1f (lanes 2-6: addition
Hi1f to a concentration of 0.2, 0.4, 0.6, 0.8 and 1.4 uM). It can be see that Hif replaces some of the NAP1
bound H2A™H2B dimer leading to the formation of a NAPI,-HIf complex with green color that
comigrates with the red NAP1-(H2A™H2B) complex. This results in a yellow fluorescence signal of the
band. Lane 7: complex of NAP1,-H1f (4 uM NAP1 monomer with 2 uM H1f). The partial substitution of
H2A™H2B dimer from the NAPI complex with HIf at stoichiometric concentrations indicates
comparable binding affinities of both proteins to the NAP1, dimer. The indicated association states of

NAPI-histone complexes are based on previous measurements (36,39).

Supplementary Figure S4. Disassembly of nucleosomes into hexasomes induced by the addition of
NAPI or RNA. Canonical or H2A.Z containing nucleosomes reconstituted by salt dialysis on DNA,7 at
a concentration of 100 nM were incubated with increasing amounts of NAP1 (0.5, 3, 5 uM) or HelLa total
RNA (7.5, 18, 58 ng/ul) for three hours at 25 °C. The position of nucleosomes, (NUC), hexasomes
(HEX), free DNA (DNA) as well as the two major rRNAs (RNA; and RNA») are indicated. For both
types of nucleosomes an increase of the hexasome fraction with added competitor is seen. However, the
effect was reduced for the H2A.Z containing nucleosomes indicating an increased stability of the

nucleosome formed with this variant histone.
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