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Gaudeline Wagner,* Aurélien Bancaud,* Jean-Pierre Quivy,y Cédric Clapier,z Geneviève Almouzni,y
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ABSTRACT Kinetics of compaction on single DNA molecules are studied by fluorescence videomicroscopy in the presence of
1), Xenopus egg extracts and 2), purified nucleosome reconstitution systems using a combination of histones with either the
histone chaperone Nucleosome Assembly Protein (NAP-1) or negatively charged macromolecules such as polyglutamic acid
and RNA. The comparison shows that the compaction rates can differ by a factor of up to 1000 for the same amount of histones,
depending on the system used and on the presence of histone tails, which can be subjected to post-translational modifications.
Reactions with purified reconstitution systems follow a slow and sequential mechanism, compatible with the deposition of one
(H3-H4)2 tetramer followed by two (H2A-H2B) dimers. Addition of the histone chaperone NAP-1 increases both the rate of the
reaction and the packing ratio of the final product. These stimulatory effects cannot be obtained with polyglutamic acid or RNA,
suggesting that yNAP-1 impact on the reaction cannot simply be explained in terms of charge screening. Faster compaction
kinetics and higher packing ratios are reproducibly reached with extracts, indicating a role of additional components present in
this system. Data are discussed and models proposed to account for the kinetics obtained in our single-molecule assay.

INTRODUCTION

In eukaryotes, nuclear DNA is organized in chromatin. Its

basic unit, the nucleosome, is composed of 145–147 basepairs

of nucleosomal DNA wrapped around an octamer of core

histones (one tetramer (H3-H4)2 and two dimers (H2A-H2B)).

The nucleosomes are regularly spaced along the DNA with

a repeat length of ;200 bp and form a nucleofilament that

represents the first level of chromatin folding (1). Higher

levels of chromatin compaction involve additional proteins,

many of which are unknown, to achieve the highest degree of

condensation found in mitotic chromosomes. It is now estab-

lished that nucleosomal structure and dynamics play a key

role in genome expression and maintenance. Posttransla-

tional modifications of selected residues of the histone

amino-terminal tails have been involved in transcriptional

regulation (2,3), and in the folding of the 30-nm fiber in vitro

(4,5).

In vivo, the majority of chromatin assembly events occur

immediately after DNA replication, when nucleosomes are

transiently disrupted ahead of the replication fork and redis-

tributed behind it onto daughter duplex DNA (6–9). Newly

synthesized histones are incorporated to obtain the full nu-

cleosome complement on nascent DNA. This involves the

initial deposition of histones H3 and H4, followed by the

incorporation of two dimers (H2A-H2B) to form the nucle-

osome core particle (10). The transfer and the ordered de-

position of histone subcomplexes in the nucleus are promoted

by a variety of assembly factors (11–14).

In vitro, reconstitution of nucleosomes can be achieved by

dialyzing mixes of purified histones and DNA from high to

low ionic strength solutions (1) or, alternatively, by adding

negatively charged macromolecules such as polyglutamic

acid or RNA (15–17). Indeed, almost any molecule that could

screen the cationic charge of histones was found to facilitate

the loading of histones onto DNA in vitro and to prevent

aggregation. However, these methods, which enable nucle-

osomal particle reconstitution, generally yielded close-packed,

irregular nucleosome arrays that do not correspond to the

physiological regularly spaced nucleosomal arrays found

within the cell nucleus.

Major insights into our understanding of chromatin as-

sembly processes were gained from in vitro studies using

extracts derived from Xenopus eggs (18,19) or Drosophila
embryos (20–22). These extracts are highly efficient to

support chromatin assembly on DNA templates that can be

replicated, repaired, and transcribed in the same system and

thus closely mimic physiological cellular conditions. Given

that they contain large amounts of histones, nucleosome as-

sembly factors, and histone chaperones, they provide a conve-

nient physiological system to assay nucleosome formation

and identify regulatory components.

Regularly spaced nucleosomal arrays can be reconstituted

using purified histones at ionic strength considered physi-

ological provided that the histones are complexed with a

histone chaperone protein (8). In this respect, NAP-1 (nucle-

osome assembly protein 1) was used extensively (23). NAP-1

has been isolated from Drosophila extracts (24) in complex

Submitted March 14, 2005, and accepted for publication July 5, 2005.

Address reprint requests to Jean-Louis Viovy, Laboratoire PhysicoChimie

Curie, Institut Curie, CNRS UMR 168, Paris, 75248 France. Tel.:

033-1-42-34-67-52; E-mail: Jean-Louis.Viovy@curie.fr.

� 2005 by the Biophysical Society

0006-3495/05/11/3647/13 $2.00 doi: 10.1529/biophysj.105.062786

Biophysical Journal Volume 89 November 2005 3647–3659 3647

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82437056?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


with H2A and H2B, and from human cells in complex with

H2A (25), and it has thus been considered as an (H2A-H2B)

histone chaperone in vivo. In vitro, NAP-1 from Drosophila
(dNAP-1), HeLa cells (AP-1), and yeast (yNAP-1) can stimu-

late nucleosome reconstitution, interacting not only with

the (H2A-H2B) dimer but also with the (H3-H4)2 tetramer

(26–29).

The emergence of single-molecule micromanipulation of-

fers an attractive approach to investigate chromatin assembly

on individual molecules in real time. This strategy makes it

possible to analyze kinetics and forces involved in the as-

sembly (30–32) as well as chromatin mechanical properties

(33,34). A first estimation of the kinetic parameters of as-

sembly with Xenopus egg extracts under physiological

conditions was obtained, strikingly showing that this process

is faster than estimated from conventional biochemical

assays (30). Optical tweezers experiments confirmed that

assembly with extracts was force-dependent, and that the

process could be stalled at;10 pN (32). The influence of the

tension on the rate of assembly and disassembly was also

studied with purified compounds using magnetic tweezers

(31).

We present here results obtained with a new videomicros-

copy system, whose characteristics are significantly improved

in comparison to that described in our previous studies (30).

We provide a refined kinetic analysis of chromatin assembly

with Xenopus egg extracts, and compare it directly to the re-

constitution kinetics obtained with purified components,

namely native histones (purified from Drosophila embryos)

or recombinant Xenopus histones WT (wild-type) and tailless

(lacking the N-terminal amino-acids), in the presence or ab-

sence of the histone chaperone yNAP-1. Finally, to address

more specifically the mechanism of action of yNAP-1, we

compare these results with the kinetics of reconstitution

mediated by two anionic polymers, polyglutamic acid (PGA)

and RNA.

MATERIALS AND METHODS

Extracts preparation

Xenopus egg extracts were prepared as previously described (35). Briefly,

eggs were collected from Xenopus females in 0.1 M NaCl. Incubation in 2%

cysteine solution in 0.1 M NaCl allowed removal of the jelly coat. After

extensive washes in 0.1 NaCl, eggs were rinsed in extraction buffer (10 mM

HEPES-KOH, pH 7.8, 70 mM KCl, 5% sucrose, 0.5 mMDTT, and protease

inhibitors) and transferred in chilled centrifugation tubes. Upon removing

excess buffer, the eggs were subjected to low-speed crushing at 10,000 3 g
for 30 min at 4�C. The middle phase was collected by inserting a glass

Pasteur pipette through the upper yellow lipid layer, and clarified by

ultracentrifugation at 150,000 3 g for 1 h at 4�C in Ultra-Clear tubes

(Beckman-Coulter, Fullerton, CA). A syringe with a needle was used to

pierce the tube and to collect the clear ooplasmic fraction corresponding to

the extract, which was immediately aliquoted, frozen in liquid nitrogen and

stored at �80�C. For each new extract preparation, after conductimetry

verification, the chromatin assembly activity was tested by supercoiling and

micrococcal nuclease digestion assays (36).

Histones and yNAP-1 preparation

Native histones from Drosophila were purified to homogeneity from

postblastoderm Drosophila embryos by hydroxylapatite fractionation of

chromatin (37). Recombinant histones were expressed individually from

BL21 pLysS bacteria transformed with wild-type Xenopus histone cDNA

cloned in pET-3b vectors (Novagen, San Diego, CA), and purified from

inclusion bodies under denaturing conditions as described in works by Luger

and colleagues (38,39). Tailless histones (lacking the N-terminal tail) were

obtained as above by using truncated histone cDNA generated by PCR

(D1–19 forH4,D1–26 forH3,D1–12 forH2A,D1–26 forH2B (40)). Purified

H3-H4-H2A-H2B histones (WT or tailless) were then mixed at a 1/1/1/1

stoichiometry in the denaturing buffer (7 M guanidin-HCl, 20 mM Tris-HCl,

pH 7.5, 10 mM DTT freshly added) and dialyzed progressively against the

refolding buffer (2M NaCl, 10 mM Tris-Hcl, pH 7.5, 1 mM EDTA, pH 8,

5 mM b-mercapto-ethanol) to reconstitute histone octamers. These octamers

were then purified from aggregates and H3-H4 tetramers by gel filtration and

stored at�20�C. They were used as the source of histones in our experiment

to ensure the correct histone ratio in (H3-H4)2 and H2A-H2B dimers for

forming nucleosomal core particles.

The yNAP-1 was expressed from BL21 pLysS bacteria transformed with

the yNAP-1 cDNA cloned into the pET28a vector (Novagen) to add a His

tag to the N-terminal. Protein were purified with Ni-NTA resin according to

manufacturer’s instruction (Qiagen, Valencia, CA), and stored at �80�C.
The protocols were optimized to avoid any contamination, either by nu-

cleic acids or high molecular weight histone-associated proteins. Protein

purity of preparations was carefully checked by spectrophotometry and

SDS-PAGE, and no contamination was detected. The concentration in his-

tones of the different solutions was then properly estimated. Therefore, the

comparison of the kinetics obtained with the different assembly systems

used in the same concentration appears to be relevant.

yNAP-1-, PGA-, and RNA-histone combination

Nucleosome assembly using yNAP-1, PGA (Sigma, Saint Quentin Fallavier,

France), and RNA (Roche Diagnostics, Meylan, France) as histone chap-

erones was achieved by first making a chaperone-histone mix (41) that was

then injected in the chamber using siliconized pipette tips and tubes. Purified

yNAP-1 (freshly diluted after thawing in 10 mM HEPES-KOH, pH 7.8,

10 mM KCl, 1.5 mM MgCl2, 10% glycerol, 1 mM DTT) was mixed with

350 ng of histone octamer to yield a yNAP-1/octamer molar ratio of 0.6:1 or

6:1. After vigorous vortexing, this mix was diluted two times with buffer A

(10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.05% NP40 (Sigma) and 0.1 mg/

mL chicken ovalbumin (Sigma)). For polyglutamic acid and RNA, we used

a PGA/octamer mass ratio of 5:1 as described in Stein (42) and an RNA/

octamer mass ratio of 2:1 as described in Nelson et al. (16). The above buffer

was used to dilute PGA or RNA. We incubated these mixes for at least

30 min at room temperature before diluting them in buffer A (complemented

with 0.25 mg/mL bovine serum albumin (Sigma) to avoid nonspecific

interactions and 2% b-mercapto-ethanol (Sigma) as an oxygen scavenger) to

the appropriate histone final concentration and injecting them into the

chamber to follow nucleosome assembly.

Preparation of streptavidin end-modified l-dimers

In this study, we used dimers of l-phage DNA (48.5 kb; Roche) to be able to

resolve the packing ratio achieved with the different assembly systems (see

Results). These DNAs were constructed by annealing and ligating a 22-mer

biotinylated oligonucleotide (Eurogentec, Seraing, Belgium) with T4 DNA

ligase (Roche). The molecule was then ligated to another unmodified

l-DNA to produce a dimer (97 kb). The dimers were coupled to streptavidin

(Roche), aliquoted, and stored at �20�C. Before each experiment, DNA

(1 ng/mL) was incubated for at least 1 h with the bis-intercalating fluorescent

dye YOYO-1 iodide (Molecular Probes; Eugene, OR) with a stoichiometry

3648 Wagner et al.
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of 1 molecule to every 8 bp. To assess the effect of the fluorescent labeling

on the extract assembly kinetics, we decreased the intercalation ratio of

YOYO-1 from 1:8 down to 1:24 and did not observe any change in the

experiment (Supplementary Material).

Preparation of biotin-coated coverslips

Coverslips (243 40 mm) were prepared using the method reported by Perret

et al. (43) and Merkel et al. (44), with some modifications. In brief, the

coverslips were soaked in 2% aminopropyltriethoxysilane (Sigma), 4% H20,

0.8% glacial acetic acid (Sigma), and 93.2% methanol (Sigma) for at least

3 h at room temperature. Next, a mixture of amine-reactive poly(ethylene

glycol) (PEG), consisting of a molar ratio of 1:10 SPA-PEG5000 and SPA-

PEG3400-biotin (Nektar, San Carlos, CA) diluted at a concentration of

2 mg/mL, was incubated with the coverslips in a carbonate buffer (pH 8.5)

for at least 2 days. We chose to use a PEG coating because of its known

resistance to nonspecific interactions (45).

Microfluidic device and videomicroscopy

We used the set-up described in Bancaud et al. (46), an improved version of

the prototype developed by Ladoux et al. (30). Briefly, chips were prepared

by ‘‘soft lithography’’ poly(dimethylsiloxane) (PDMS) technology (47). We

used a master composed of a positive relief of SU-8 resin (MicroChem,

Newton, MA) on a glass wafer made by photolithography. PDMS was made

with Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI) used in

standard conditions. This polymer was cured on the wafer to form a cell with

the impression of the master. The cell was punched with holes and sealed

with the coverslip functionalized with PEG-biotin as described in the

previous paragraph. The channels were 500 mm wide and 165 mm high.

They were designed following a new geometry, in the shape of a T with one

inlet (I) and two outlets (O1 and O2), as depicted in Fig. 1. The two outlets

were connected by silicone tubing to an aspiring syringe pump (KD

Scientific, Holliston, MA). A dual-channel pinch electrovalve (NResearch,

West Caldwell, NJ) switched the flow between channels.

The chip was mounted on an inverted microscope (Zeiss, Oberkochen,

Germany) with laser excitation at 488 nm (Coherent, Santa Clara, CA)

equipped with an oil objective (3100, 1.4 NA (Olympus, Melville, NY)).

Images were collected using an intensified CCD camera (Lhesa, Les Ulis,

France). They were digitized and analyzed in real time. DNA length was

measured from the digitized images by using an automated algorithm written

in NIH IMAGE (National Institutes of Health, Bethesda, MD).

Nucleosomal formation on immobilized DNA

First, DNA was incubated in channel O2 for 10 min. During the incubation,

we prepared Xenopus egg extracts or a purified histone/histone chaperone

(yNAP-1, PGA, or RNA) combination. The protein source was then

aspirated through channel O1 until a constant concentration was reached at

the T-junction (Fig. 1 A). The flow was switched to channel O2 and

acquisition simultaneously started (Fig. 1 B). To minimize photoinduced

damages, the laser excitation was periodically shuttered at a frequency of

1 Hz throughout the experiment. The shear rate was set at 20 s�1, cor-

responding to a Weisenberg number (Wi) of 30 for l-dimers (48). Wi rep-

resents the relative effect of hydrodynamic versus Brownian forces on the

whole molecule. Based on simulations (48), one could evaluate the max-

imum tension exerted on the DNA (i.e., at its attachment point) to ;1 pN.

Since the tension decreases along the molecule to zero at the free end, these

experiments were typically carried out in the sub-pN range. In this situation

(Wi ,80), it was demonstrated by Ladoux et al. (30) that the kinetics of

Xenopus egg extract assembly are independent of the shear rate and the

measurement of the end-to-end length of the molecule gives access to the

kinetic parameters. All the kinetic curves are averages over two to six

experiments, each including 1–3 individual DNA molecules.

An example of a single DNA behavior after immersion in 2 ng/mL of

native histones is shown in Fig. 1 C. The length of the DNA molecule

decreased and reached a plateau in;60 s. This DNA retraction proceeded to

a final end-to-end distance of ;4–5 mm.

Data treatment

In an ideal kinetic experiment, all the components involved in the reaction

should instantaneously be mixed together, and most models for interpreting

biochemical kinetics, such as the Michaelis-Menten one, are based on this

assumption. In the single-molecule experiment described here, ‘‘instanta-

neous mixing’’ means that, in the vicinity of the DNA molecule, the con-

centration of all proteins involved in the assembly immediately rises from

zero to its nominal value and remains constant, i.e., follows a step function.

In reality, however, mixing always takes a finite time. In batch experiments,

it takes typically from a few seconds to a few minutes, during which the

concentrations are inhomogeneous through the sample. In our experiment,

the protein-containing solution is brought to the DNA molecule by a hydro-

dynamic flow. The protein concentration front then follows the Taylor-Aris

dispersion regime, which results from the combination of an inhomogeneous

velocity profile (Poiseuille profile) and molecular diffusion. This can lead

to a rather large effective ‘‘mixing time’’, typically tens of seconds in our

configuration. Nevertheless, as the flow is laminar, this dispersion is very

reproducible. Taking advantage of this feature, we developed a new method,

which allowed us to quantitatively access the real kinetics, corresponding to

the arrival of a step function of protein concentration (46). Our approach is

briefly discussed in the following paragraph.

Since concentration front spreading increases with the distance traveled,

we first minimized the distance by which proteins were advected in the

microchannel. To do so, we built up a three-channel set-up, as described in

the Microfluidic device section. With this geometry, a typical experiment

was carried out as follows: 1), we first flowed the histones in channel O1

until a steady-state concentration of proteins was established at the

T-junction; 2), then we switched the flow to channel O2 in a time ,1 s.

We chose to observe molecules anchored close to the T-junction (typically

FIGURE 1 Schematic of the experimental apparatus.

Syringe pump (1), electro-valve (2), inlet channel (I),

outlet channel 1 (O1), and outlet channel 2 (O2). (A)

Biological samples are aspirated in microchannel O1

until the concentration is homogeneous at the T-junction.

(B) The electrovalve switches the aspiration to channel

O2 where the objective is positioned. (C) Example of

compaction of an individual DNA molecule in time in

the presence of 2 ng/mL of native histones.

Chromatin Assembly on Single DNAs 3649
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between 2 and 4.5 mm). For a shear rate of 20 s�1, the proteins typically

reach the DNAmolecules in 5 s, which also provides the order of magnitude

of the front spreading (46).

This improved resolution was not sufficient to completely eliminate

distortion of the results due to front spreading on the timescale of the kinetics

we wished to observe (a few seconds). Consequently, we developed a new

approach to 1), directly measure the time- and space-dependent profile of

protein concentration at the vicinity of the surface, and 2), compensate for it in

the data analysis. Briefly, the protein profile was obtained by carrying out the

same experiment as above with a fluorescent marker advected in the flow, in

combination with a dye strongly absorbing at the excitation wavelength to

probe specifically the front close to the surface (see Appendix A1).

By appropriate kinetic modeling and knowing the protein concentration

profile (see Appendix A2), one can determine the real kinetics of virtually

any DNA condensation reaction (corresponding to the response to an in-

stantaneous step of concentration), with the condition that each step in the

kinetics is a first-order process. To do so, the compactions were plotted as

a function of a pertinent timescale expressed as:

tðx; tÞ ¼
Z t

0

f ðx; uÞdu; (1)

where f is the time-dependent normalized concentration profile of the pro-

teins, measured ab initio at the longitudinal position x where the studied DNA
is tethered, and t is the real experimental time. The fitting of the compensated

data gives direct access to the kinetic parameters (see Appendix A2).

Kinetic framework

In vivo (49) and in vitro (50,51) data support a sequential process for histone

deposition including at least three steps: 1), (H3-H4)2 are first loaded on the

DNA with a kinetic constant k1 (this reaction could involve either dimers of

H3-H4 (52) to form a tetramer onto the DNA or a preformed tetramer if it is

available, as observed in several reconstitution systems); 2), a first H2A-

H2B dimer binds to one of the two available sites on the (H3-H4)2 tetramer/

DNA complex with a constant k2; 3), a second H2A-H2B dimer binds to

the remaining site (k29 ¼ k2/2, because only one site among the two initial

ones remains available). All these reactions are supposed to be first-order

processes.

As demonstrated in Ladoux et al. (30), this model predicts an evolution of

DNA length as a sum of exponentials, with time constants depending on the

parameters k1 and k2 (see demonstration in Appendix A2). These parameters

will be accessible simultaneously only if the three processes depicted above

occur on similar timescales. Otherwise, only the kinetically limiting step will

be observed and the decay will appear as a single exponential.

RESULTS

Kinetics of assembly and packing ratio achieved
in Xenopus egg extracts

We measured the kinetics of DNA compaction as an indi-

cation of chromatin assembly with several different dilutions

of Xenopus egg extracts (initial histone concentration of;80–

100 ng/mL), namely 1:50, 1:100, 1:150, and 1:300. The

analysis of the real-time compaction on single molecules

showed an irregular process with successions of randomly

distributed fast and slow assembly sequences (Supplemen-

tary Material). The averaged kinetics over a large number

of molecules was smoother. The most suitable fit for these

averaged data was achieved with a single-step process, as

shown in Fig. 2. From the fitting, we evaluated the kinetic

constant of the overall assembly reaction to be k ¼ (6.4 6
2.0) 3 107 mol�1 L s�1.

We could also measure the packing ratio, which represents

the initial length of the DNA divided by that of the final pro-

duct at the end of the compaction. Initially, the DNA mole-

cules were stretched to a length of ;25 mm. After a few

seconds, we reproducibly observed a final length of 1 mm,

corresponding to the optical resolution of fluorescence micros-

copy. Thus, we concluded that the packing ratio was at least

25. Interestingly, an order of magnitude for this parameter in

physiological chromatin can be obtained from electron mi-

croscopy (53): the linear nucleosome density in a 30-nm

fiber was found to be six to seven nucleosomes per 11 nm.

Assuming that nucleosomes are evenly repeated every 200 bp,

11 nm of a 30-nm fiber should contain ;1300 bp (200 3
6.5). Since 11 nm of DNA corresponds to 32 bp, we deduce

a packing ratio of ;40 (1300/32), in keeping with our

experimental measurements.

Compaction kinetics with a purified nucleosome
reconstitution system ‘‘histones 1 yNAP-1’’

We used recombinant Xenopus histones with yNAP-1 as a

chaperone under conditions that allow full nucleosome recon-

stitution (0.6:1 yNAP-1/octamer molar ratio), as verified by

supercoiling assays (41). We worked with three different

concentrations of histones (3, 2, and 1.4 ng /mL). The kinetic
curves obtained under these conditions significantly differed

from those with the Xenopus egg extracts (Fig. 3 A). The
DNA retraction observed in our reaction is thought to reflect

nucleosome reconstitution rather than DNA aggregation

with positively charged proteins for the following reasons:

First, the data could not be fitted with a single exponential,

and a three-step mechanism yielded a much better accuracy

(Fig. 3 B). The resulting kinetic constants k1 and k2 (see

FIGURE 2 Chromatin assembly kinetics with Xenopus egg extracts

appears as a one-step process. Xenopus egg extracts were diluted to 1:50,

1:100, 1:150, and 1:300 (from left to right on the graph) in a buffer

containing 1 mMMgCl2 and 0.5 mM ATP. Each curve is fitted with a single

exponential, and only one fitting parameter is adjusted for all the curves.

3650 Wagner et al.
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Kinetic framework) were determined (Table 1). In contrast,

several studies of DNA condensation by protamine, a model

protein containing a large number of positive residues and

known to condense DNA in a structureless manner, revealed

single exponential kinetics (54). Importantly, we reinvesti-

gated protamine-induced compaction in Bancaud et al. (46)

with the same set-up and experimental conditions as those

used in our study and obtained results similar to those of

Brewer et al. (54).

Second, we previously carried out experiments in which

DNA was exposed to histones purified by acid precipitation

and not isolated from reconstituted octamers (55). We

observed there a nonregular compaction involving a chaotic

sequence of brutal shortening events and pauses likely to

correspond to DNA-histone aggregation. This is very dif-

ferent from the regular shortening observed with histones

purified from octamers (see Histones and yNAP-1 prepara-

tion) and chaperones. The compaction ratio and kinetics

obtained with bulk acid-purified histones were also much

less reproducible from one molecule to the other. Conse-

quently, the three-step, regular reaction observed in this ex-

periment is unlikely to correspond to a nonspecific interaction

or a formation of aggregates.

Third, in experiments with purified histones, the length of

the molecules always decreased to a reproducible plateau

that was well resolved optically (as seen in Fig. 6, curve 2,
for wild-type recombinant histones). Therefore, our direct

measure of the packing ratio, namely 7 for recombinant his-

tones (Table 1), is in agreement with the formation of an array

of nucleosomes (see Discussion). This result is strikingly

different from the condensation induced by protamine, in

which the packing ratio exceeds 25 (46).

Fourth, our experiments were carried out in conditions

similar to those used in Ruiz-Carillo et al. (56), in which nu-

cleosome reconstitution was achieved directly at physiolog-

ical ionic strength. Our characteristic histone dilution (1 ng/

mL in octamer) was comparable to the one in the study by

Ruiz-Carillo and co-workers (56):;0.6 ng/mL injected every

minute.

Finally, the single molecule experiments presented here

use DNA molecules which are isolated at separated positions

on the surface (typically one molecule per 10–100 mm2) and

cannot interact with each other. This prevents DNA-DNA

attractions mediated by polycations that can lead to macro-

scopic aggregation in bulk experiments, even when the at-

tractive energy at the level of one nucleosome is weak (our

experiment is kinetically equivalent to an infinite dilution of

DNA, and it is thus much less prone to aggregation than

reactions in solution).

To evaluate whether the nature of the histones could in-

fluence kinetics, we also used native histones isolated from

Drosophila embryos. The reaction was twice as slow as

with recombinant Xenopus histones (Fig. 3 C, curves 1 and

2, and Table 1). Again, these data were rather well fitted with
the three-step model, and the constants k1 and k2 could be

determined (Table 1). In addition, we measured a packing

ratio of 5.5 with Drosophila native histones, inferior to that

obtained when using recombinant WT Xenopus histones

(Table 1).

FIGURE 3 Nucleosome reconstitution with native, WT, and tailless

recombinant histones with yNAP-1 follows a three-step kinetics. (A)
Nucleosome reconstitution with WT recombinant histones for three different

concentrations (3, 2, and 1.4 ng/mL) with a yNAP-1/octamer molar ratio of

0.6:1. The curves are fitted with a three-step kinetics model (solid lines). (B)

Fitting of the reconstitution curve (3 ng/mL of WT recombinant histones)

with a one-step kinetic model (dashed line) or a three-step kinetic model

(solid line). (C) Comparison of the reconstitution kinetics with WT recom-

binant (1), native (2) and tailless recombinant (3) histones. The histone

concentration is set at 2 ng/mL and the yNAP-1/octamer molar ratio is 0.6:1.

Chromatin Assembly on Single DNAs 3651
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The effect of histone tails on kinetics was examined by

using recombinant Xenopus histones (H3, H4, H2A, and

H2B) lacking their N-terminal tails (tailless histones). We

compared the assembly of WT and tailless histones asso-

ciated with yNAP-1 at a histone concentration of 2 ng/mL.
The rate of assembly was dramatically decreased with the

tailless histones. It was reduced by a factor of ;7 as

compared to the WT proteins (Fig. 3 C, curves 1 and 3;
Table1), and we measured a packing ratio that was 1.5 times

smaller (Table 1).

How does yNAP-1 affect the reconstitution?

We then investigated the role of yNAP-1 in the reconstitution

kinetics by performing the same experiments without the

chaperone. First, when we used native Drosophila histones

without yNAP-1, the kinetics was twice as slow as when the

chaperone was added at a 0.6:1 yNAP-1/octamer molar ratio,

highlighting a facilitated assembly mediated by yNAP-1

(Fig. 4 A and Table 1). Moreover, we observed a slight

(;10%), yet reproducible, increase of the packing ratio in

the presence of the chaperone (Table 1). This is consistent

with supercoiling assays in which the amount of supercoiling

increases with the concentration of yNAP-1 (41). Surpris-

ingly, when WT or tailless recombinant Xenopus histones

were used, we found that yNAP-1 at the same concentration

(0.6:1 yNAP-1/octamer) did not speed up the assembly nor

increase the packing ratio (Fig. 4 B and Table 1). To examine

whether yNAP-1 is involved in the nucleosome reconstitu-

tion with recombinant Xenopus histones, we added the

chaperone in large excess (6:1 yNAP-1/octamer molar ratio).

Under this condition, both reaction kinetic constants and

packing ratio were increased (Fig. 4 B, dashed line, and
Table 1).

It is important to note that all the kinetic curves obtained

without the chaperone were still properly fitted by a three-

step mechanism. Therefore, the arguments that supported a

successful reconstitution of nucleosomes in the previous

paragraph are still valid when yNAP-1 is not added with

histones: 1), we observed a multistep kinetics; 2), we mea-

sured a relatively low packing ratio; and 3), we performed

the experiments in similar conditions of dilution for the DNA

molecules and for the octamers as in Ruiz-Carillo et al. (56),

where the authors succeeded in reconstituting nucleosomes

without any chaperone. Moreover, supercoiling bulk ex-

periments carried out with the same assembly systems and

TABLE 1 Kinetics constants, assembly rates, and packing ratios measured for the different nucleosome reconstitution systems

Combination used in the reconstitution assay k1 10
6 (s mol/L)�1 k2 10

6 (s mol/L)�1 Assembly rate* (mm s�1) Packing ratio

Recombinant histones 1 yNAP-1 (1:0.6) 9 6 3 22 6 10 3.4 6 0.5 7 6 1

Recombinant histones 1 yNAP-1 (1:6) 27 6 10 22 6 10 6 6 1 12 6 2

Recombinant histones � yNAP-1 10 6 3 17 6 5 2.8 6 0.5 8 6 1

Native histones 1 yNAP-1 (1:0.6) 4 6 2 8 6 2 1.5 6 0.5 5.5 6 0.6

Native histones � yNAP-1 2.0 6 0.8 5 6 1 0.7 6 0.2 5.0 6 0.5

Tailless histones 1 yNAP-1 (1:0.6) 0.9 6 0.4 2 6 1 0.5 6 0.1 4.8 6 0.5

Tailless histones � yNAP-1 1.0 6 0.4 2 6 1 0.6 6 0.1 4.8 6 0.5

Native histones 1 PGA (1:5) — — 0.010 6 0.005 Not accessible

Native histones 1 RNA (1:2) — — 0.02 6 0.01 Not accessible

*The assembly rate is defined as the steepest slope of the assembly curves.

FIGURE 4 Role of yNAP-1 in the kinetics of nucleosome reconstitution. (A) Assembly kinetics with native histones (2 ng/mL) in the presence (diamonds) or

absence (dotted line) of yNAP-1. (B) Assembly kinetics with WT recombinant histones (2 ng/mL) in the absence (orange) or presence of yNAP-1 at a molar

ratio of 0.6:1 (blue) or 6:1 (dash-dotted line). Assembly kinetics with tailless recombinant histones with yNAP-1 at a molar ratio of 0.6:1 (green) or without

yNAP-1 (red).
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conditions as ours showed that assembly occurred even

when yNAP-1 was not added, but to a lesser extent than with

the chaperone (57).

Finally, since negatively charged polyelectrolytes have

been reported to facilitate in vitro nucleosome reconstitution,

we studied the role of PGA and RNA in the assembly with

native histones (2 ng/mL). We found that both PGA and

RNA dramatically slowed down the kinetics (Fig. 5, curves

4 and 5, and Table 1). Hence, contrary to yNAP-1, these neg-

atively charged molecules do not assist the reconstitution

from the kinetic point of view, notwithstanding the fact that

they may indirectly ‘‘help’’ reconstitution in bulk experi-

ments by preventing multimolecular DNA-histone aggrega-

tion. The reaction rate was so slow in this case that the decay

during the experiment was not large enough to discriminate

between a single exponential and multiexponential behavior.

Compaction rate

The compaction rate (defined as the steepest slope of the

compaction curves) associated with each reconstitution

system is reported in Table 1 (see also Fig. 6). We measured

26.5 mm/s with extracts (1:50) and 3.4, 1.5, and 0.5 mm/s, for

WT recombinant, Drosophila native, and tailless recombi-

nant histones, respectively, with yNAP-1 (histones at a con-

centration of 2 ng/mL). The compaction rate dramatically

decreased to 0.01 and 0.02 mm/s in the reconstitution using

native histones (2 ng/mL) with PGA or RNA.

DISCUSSION

Nucleosome reconstitution with purified proteins

The kinetics of nucleosome reconstitution with purified pro-

teins can be fitted with a three-step process. Interestingly, the

constant k1 (Table1), which is associated with the tetramer

deposition step in a kinetic model assuming a first deposition

of the (H3-H4)2 tetramer, followed by sequential deposition

of two H2A-H2B dimers, seems to be the limiting step with

all the purified proteins used. We also find that the assembly

is roughly twice as fast with WT recombinant Xenopus his-
tones as with histones purified from Drosophila embryos

(native histones). Native histones undergo posttranslational

modifications such as acetylation, which neutralizes positive

charges carried by the lysine residues of the tail domain.

Since recombinant Xenopus histones are expressed in bacteria
(which is an organism that does not possess the posttrans-

lational modification activities found in eukaryotic cells),

charged residues cannot be posttranslationally modified.

Given that histone/DNA interaction in the nucleosome is

mainly driven by electrostatics, our result is consistent with

the fact that native histones are potentially not as positively

charged as WT recombinant Xenopus histones. In addition,

this interpretation is strongly supported by our experiment

with the tailless recombinant Xenopus histones. These pro-

teins lack the positively charged residues located in the

N-terminal tails and thus can be seen from an electrostatic

aspect as highly acetylated histones. Indeed the kinetic

constants obtained with the tailless recombinant Xenopus
histones are much lower than those measured with WT re-

combinant Xenopus and nativeDrosophila histones (Table 1).
Recently, chromatin assembly with chicken erythrocyte

core histones and yNAP-1 was probed with a magnetic

tweezers set-up (31). The role of the tension was inspected

and an initial assembly rate at zero force of ;100 nm/s was

deduced for a histone concentration of 10 ng/mL. By extrap-

olation of our data, we measure much higher assembly rates,

namely 17 and 7.5 mm/s, respectively, with WT recombinant

and native histones. Although they did not use the same

histones (31), we would expect their measurement to be in

FIGURE 5 PGA and RNA do not facilitate nucleosome reconstitu-

tion. Comparison of the reconstitution with extracts (1) or native histones

(2ng/mL) 1 [yNAP-1 – 0.6:1 molar ratio (2), no chaperone (3), RNA – 2:1

mass ratio (4), PGA – 5:1 mass ratio (5)].

FIGURE 6 Packing ratio is .25 with extracts and ;6–7 with purified

proteins. The assembly with extracts (1) at 2 ng/mL yields a compact

structure (folding ratio .25). The length of the chromatin fiber assembled

with yNAP-11WT recombinant (2), yNAP-11 native (3), and yNAP-11
tailless recombinant (4) histones, at a concentration of 2 ng/mL, reaches

a plateau (seen only for WT recombinant histones because of the time axis

truncation) from which we deduce the folding ratio. For native histones, it

takes 30 s to reach the final length and for tailless histones 50 s.
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the same order of magnitude as ours. This discrepancy may

arise at least in part from the fact that their buffer solution

contained 150 mMNaCl, whereas our experiment was carried

out at 50 mM NaCl. Electrostatic interactions were more

strongly screened in their system, consistent with a lower

assembly rate. Unfortunately, we could not perform our ex-

periment at the same ionic strength as used in the Leuba et al.

experiment (31) (which is closer to physiological environ-

ment), because the quantum yield of YOYO-1 strongly de-

creases at high salt concentration. Still, the discrepancy

seems too large to be solely due to this factor 3 in the salt

concentration, and it may also be due to an experimental

artifact: the experimental description in Leuba et al. (31)

does not mention the problem of the finite size of the con-

centration front discussed in the Data treatment section of

this article. We determined that neglecting this effect can

lead to an underestimate of kinetic rates by a factor of 10 or

more, especially for processes occurring in the range of a few

seconds to a few tens of seconds. Consequently, this could

also be a cause of the apparent discrepancy between their

results and ours.

Packing ratio of the assembled structure

Our set-up and the use of dimers of l-DNA allows us to

quantitatively measure the packing ratio obtained with each

assembly system. More exactly, we can provide a lower limit

of this factor with extracts (25) and measure it precisely with

purified systems (between 4.8 and 12). Note that the packing

ratio is obtained at very low forces (typically 0.1 pN) because

the flow rate remains constant throughout the experiment

and the hydrodynamic drag on the assembled fiber is much

smaller than on the initial DNA. Previous micromanipulation

studies carried out at 1 pN revealed a packing ratio of 8 with

Xenopus egg extracts (32). Yet, the sub-pN regime has not

been addressed so far in single-molecule studies. The

difference between their results and ours suggests that 1 pN

is sufficient to significantly decondense native chromatin.

The packing ratio of chromatin strongly depends on the

nucleosomal organization and density along the fiber. It is

therefore important to give a relevant order of magnitude for

this parameter in our experimental conditions (reconstitution

with purified systems). Earlier investigations of chromatin

architecture in low salt (10 mM NaCl) demonstrated that it

formed a 10-nm nucleofilament without 3D organization

(58). A comparable structure was found when chromatin

assembled in 150 mM NaCl using purified histones with

yNAP-1 was imaged by atomic force microscopy (AFM) on

l-DNA (31). Unfortunately, these authors did not evaluate

per se the packing ratio of these structures. Nevertheless,

using their AFM images obtained with chromatin recon-

stituted on 5S tandemly repeated positioning sequences (31),

it is possible to deduce an order of magnitude for this

parameter ranging from R;3 to R;5. These results must be

taken with caution because AFM requires a fixation step,

which can significantly alter chromatin folding. However,

the point may be that these orders of magnitude seem to be

consistent with our experiments. Some of our packing ratios

are slightly higher, but this is not unreasonable since the

surface fixation process is expected to extend the nucleofila-

ment rather than compact it.

Moreover, we can compute the theoretical packing ratio of

an extended nucleofilament by means of two simple geomet-

rical models. First, if we assume that two full turns of DNA

are wrapped around each nucleosome, leading to 177 bp of

DNA around the histone octamer (59), it becomes clear that

each linker DNA contains 23 bp (200 � 177). Considering

an entry/exit angle between 120� and 160� (60), the packing
ratio should be at least 8.8. It is also possible to imagine that

the nucleosomes are ‘‘open’’ (61) and the entry/exit DNAs

do not cross. In this case, we suppose that 147 bp are wrapped

around the nucleosome and the entry/exit angle remains

;120�, leading to a lower limit for the packing ratio of 3.8.

Both models and AFM experiments give orders of mag-

nitude for the packing ratios that are consistent with our own

measurements. Also, the packing ratios obtained at the end

of the assembly in our experiments are very reproducible,

providing a further argument in favor of the formation of

nucleosome arrays.

Moreover, our experiments also enabled us to compare the

packing ratios obtained with different reconstitution systems.

The role of core histone N-termini in chromatin folding has

already been elucidated in vitro in the case of regularly spaced

arrays with long-range interactions: 1), tailless nucleosome

fibers were unable to fold extensively (4); and 2), linear

hyperacetylated oligonucleosomes appeared in an extended

conformation (62). This seems to be in agreement with our

results: the global compaction significantly decreases

(;20%) in the presence of posttranslational modifications

or even moreso (;30%) with deletion of the histone tails

(Table 1). Furthermore, the addition of yNAP-1 tends to

increase the packing ratio in the case of native histones (with

a 0.6:1 ratio) andWT recombinant histones (with a 6:1 ratio).

This is not surprising since this chaperone favors nucleosome

formation, as inferred from supercoiling assays (41,63) in

which DNA supercoiling was shown to increase with the

amount of NAP-1 used in the assembly reaction. It should be

noted, however, that a detailed interpretation of packing

ratios is rendered difficult by the fact that it combines two

effects: the nucleosome density (average repeat length) and

3D organization. Ideally, it would be desirable to access the

two types of information independently, but unfortunately the

optical resolution of our experiment is not sufficient to see

individual nucleosomes and, conversely, AFM has the

desired resolution but involves a surface-fixation step that

may alter the 3D structure of the fiber. We thus conclude that

our results seem to confirm the current view of the effect of

histone modifications and NAP-1-mediated chaperoning on

compaction, but should be substantiated with more refined

experimental approaches.
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Role of yNAP-1

Our set-up enables us to detect quantitative effects of yNAP-1

on the kinetics of nucleosome reconstitution at a yNAP-1/

histone octamer ratio of 0.6:1. The relative amount of yNAP-1

is somewhat smaller than that used in McBryant et al. (28)

and McQuibban et al. (29), but it is sufficient to obtain nu-

cleosome assembly on plasmid DNA (41). In these condi-

tions, a fraction of the histone octamers is presumably not

chaperoned and we anticipate a strong influence on the kinetics

of the ratio yNAP-1/octamer. Nevertheless, our study aims at

comparing the relative effect of yNAP-1 in the different

assembly systems using the same yNAP-1/octamer ratio with

each system. Therefore, the uncertainty associated with in-

complete chaperoning should be minimized, since we use the

same chaperoning system for all histones.

yNAP-1, in a molar ratio of 0.6 per octamer, accelerates

nucleosome reconstitution with native Drosophila histones

by a factor of 2. When using WT recombinant Xenopus
histones, a ratio of 6:1 is required to similarly accelerate the

reconstitution reaction. This difference may originate from

the nature and the posttranslational modifications of histones.

Indeed, quantifications of yNAP-1 interaction with WT re-

combinant histones showed that two copies bind to one

dimer and four to one tetramer (28), whereas complexes

with a yNAP-1/octamer molar ratio of 4:1 were formed when

using histones purified from chicken erythrocyte (29). These

data suggest, then, that yNAP-1 interaction with histones

may change with histone modifications and, thus, could

partially account for a requirement of 10- fold more yNAP-1

for the same amount of histones to achieve similar accel-

eration of the reconstitution reaction with nonposttransla-

tionally modifiedWTXenopus histones. Both kinetic constants
(k1 and k2) are equally affected by yNAP1 when the recon-

stitution experiment is performed with native Drosophila
histones (Table 1). Assuming that these constants represent

the tetramer and dimer deposition steps, respectively, this

suggests that the chaperone interacts not only with the dimers

(H2A-H2B) but also with the tetramer (H3-H4)2, in agree-

ment with several biochemical in vitro assays (28,29,63).

Furthermore, the fitting of the kinetics when WT recombi-

nant Xenopus histones are used with a 10-fold excess of

yNAP-1 shows that the first constant k1 is strongly increased,
in contrast to k2 (Table 1). Therefore, yNAP-1 could act prin-
cipally on the tetramer deposition step, possibly because it

has more affinity for (H3-H4)2, as demonstrated by McBryant

et al. (28).

Since yNAP-1 is a highly negatively charged protein (64),

its affinity for histones should strongly depend on electro-

statics. Nevertheless, competition assays showed that poly-

L-lysine and poly-L-arginine do not bind yNAP-1 as tightly

as core histones, despite a higher linear charge density (28).

Furthermore, we demonstrate that nucleosome reconstitution

with native histones and PGA or RNA occurs at a rate two

orders of magnitude lower than with yNAP-1 (Table 1). This

reveals that PGA and RNA act as ‘‘chaperones’’ in vitro be-

cause they strongly screen electrostatic interactions between

histones and DNA and avoid massive aggregation. However,

they do not seem to accelerate nucleosome reconstitution, in

contrast to the chaperone yNAP-1. Thus, the chaperoning

effect of yNAP-1 is likely to result from a balance between

two opposite effects: 1), physical interaction with histones,

and 2), release onto the DNA for nucleosome formation.

Consequently, an overly strong interaction between a nega-

tively charged molecule and the core histones could be in-

sufficient to enhance nucleosome assembly, and might even

be deleterious by preventing transfer of the histones onto

the DNA. Importantly, the effect of PGA and RNA should

strongly depend on the ionic strength, and we would expect

the kinetic constants to change at higher salt concentration.

As previously mentioned, however, experiments at higher

ionic strength are not possible in our set-up, at least with

the surface treatment, labeling, and grafting strategy we are

presently using.

Taken together, these considerations, we would like to

suggest the following hypothesis to explain the accelerating

effect of yNAP-1. At low ionic strength and in our protein

concentration range, .99% of the tetramers (H3-H4)2 are

dissociated into dimers (H3-H4). Since the free energy of

formation of (H3-H4)2 is measured to be DG� ¼ �7.2 kcal/

mol (1), the resultant association constant is ;1.105 M�1,

consistent with the value 5.104 M�1 in Sperling and Wachtel

(65). As yNAP-1 is known to interact with (H3-H4)2, it may

stabilize the tetrameric form. The formation of tetrasomes

(DNA-(H3-H4)2 complex) should then be accelerated when

the chaperone is present. Furthermore, the interaction of

yNAP-1 with the (H2A-H2B) dimers tends to lower the

nonspecific interactions of (H2A-H2B) with DNA, leading

to a faster formation of the nucleosomal structure. These

combined effects may increase the kinetic constants and

the packing ratio as they both facilitate nucleosome recon-

stitution.

Chromatin assembly with Xenopus egg extracts

The optimization of the single-molecule assembly assay

described here with Xenopus egg extracts reveals that the

kinetics is 12 times faster than previously reported (30). Under

the improved experimental set-up (observation of the very

early steps of the compaction, low tension, and no torsional

constraint on the molecule), the averaged compaction curve

appears to follow a one-step kinetic scheme. This contrasts

with the three-step process previously proposed, although we

did also observe here a more irregular behavior on individual

compaction events. Consequently, the observed compaction

is probably not the consequence of a simple, one-step sto-

chastic process. Rather, the kinetics may be dominated by a

series of stochastically distributed rate-limiting steps, result-

ing in an apparent single-exponential decrease only when

averaged.
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Histones, in any case, are a key component of the ob-

served retraction, since no compaction occurred when his-

tones and assembly capacity were titrated out (30). Moreover,

thanks to the use of l-phage DNA dimers, we could measure

more accurately the packing ratio, and find a value of at least

25 for chromatin assembled in extracts, which is compatible

with the formation of a higher-order structure. Finally, the

AFM experiments reported in Ladoux et al. (30) indicate

that, in conditions similar to those used in this work, the first

step of compaction is the assembly of a ‘‘beads on a string’’

array of nucleosome-like particles, and that this step is

followed by the formation of a more compact array.

Extracts contain numerous assembly factors that facilitate

chromatin formation (50). In the purified systems, we dem-

onstrated that yNAP-1 accelerates the kinetics. Consequently,

since the cellmust assemble chromatin rapidly and evenly, we

would expect that the presence in cellular extracts of several

chaperones and of a much more complete subset of proteins

could account for the 10 times faster compaction and the in-

creased packing ratio compared to the purified systems. One

may also expect that other chromatin-associated proteins such

as high-mobility group proteins (66) are likely to contribute to

this high packing ratio, since they are known to be present in

large amounts in Xenopus egg extracts and to be involved in

the formation of a higher-order organization.

More experimental work combining physical and biologi-

cal approaches will be necessary to progress further in the

understanding of the compacting mechanism, particularly in

cellular extracts.

CONCLUSIONS AND PROSPECTIVE REMARKS

We have quantitatively characterized chromatin assembly

kinetics with different systems at rates extending down to

;1 s, a resolution not accessible using conventional bio-

chemical assays. We highlight differences in assembly rates

of up to three orders of magnitude with comparable histone

concentrations, depending on the cofactor and on the nature

of histones used. Our experiments confirm that yNAP-1

tends to facilitate nucleosome formation. Nonetheless, its

function in our assay cannot be explained solely in terms of

charge screening.

NAP-1 was found to interact with the dimers (H2A-H2B)

in vivo and to participate in the assembly of nucleosomes.

However, it has been demonstrated that this chaperone can

also favor the release of (H2A-H2B) from the nucleosomal

structure (67). Obviously, all the modes of action of this

chaperone observed in our in vitro experiment may not be

relevant to in vivo situations, where other assembly and regu-

lation factors are at play. In any case, the exact mechanism of

action of NAP-1 in mediating the interaction of core histones

with DNA still deserves further investigation and clarifica-

tion, in particular in the cellular context. Our set-up could

help to gain further insight in this area. For instance, one can

contemplate the study of specific mutations of yNAP-1 and

of their impact on nucleosome reconstitution kinetics.

Importantly, the function of other histone chaperones (11)

could be tested and compared with this set-up. The precise

role of each histone tail could also be evaluated within the

kinetic approach described here with specific mutations of

the amino acid residues, mimicking posttranscriptional

modifications such as acetylation or phosphorylation.

Finally, this work also raises new challenging questions

about assembly in cellular extracts. In our experiments, pack-

ing ratios compatible with higher levels of chromatin orga-

nization, such as the ‘‘30-nm fiber’’, are reached within a few

seconds. Assembly of DNA into such a complex and regular

organization within that amount of time would be surprising.

In fact, the rapid collapse could be interpreted as a conden-

sation into a ‘‘soft’’ state, in which the further reorganization

necessary to yield a highly organized chromatin could be

performed efficiently with the help of chromatin remodeling

factors, aided by the high chromatin density (in a process

reminiscent of the old idea of the ‘‘molten globule’’ for

protein folding). Testing this idea, however, will be an ex-

perimental challenge; it will require further improvement in

molecular imaging to reach the necessary spatial and tem-

poral resolutions. We hope that future developments will

enable us to achieve this ultimate goal.

APPENDIX A1: PROBING THE
SURFACE CONCENTRATION

Experimental strategy

We use as a fluorescent probe casein coupled to fluorescein (Sigma). This

makes the protein concentration easy to measure in our experiment. In

addition, this protein is oligomeric, and should have a diffusion constant

comparable with that of chaperoned histones. Its excitationwavelength is 490

nm and emission is at 540 nm. To probe the local concentration close to the

surface, we add a nonfluorescent dye, Orange G (Sigma), strongly absorbing

at the excitation wavelength (490 nm) and weakly at the emission one

(540 nm) (46). When a solution of fluorescent casein is in the field of the

objective, the intensity collected by the detector, IðtÞ, is the convolution of the
concentration of fluorescent proteins with the Beer-Lambert absorption

profile,

IðtÞ ¼ R

Z N

0

E0 exp �z

z

� �
cðz; tÞdz; (2)

withR a numerical factor accounting for the quantumyield of the fluorophore,

c(z,t) the local concentrationof fluorescent casein, and z the penetration length

of the excitation beam.

When z was ,5 mm, we demonstrated that Eq. 2 could be simplified

(46):

Iðx; tÞ ¼
Z N

0

cðx; z; tÞ exp �z

z

� �
dz �z,5mm

cðx; 0; tÞ

3

Z N

0

exp �z

z

� �
dz � zcðx; 0; tÞ: (3)

Since the intensity is linearly related to the concentration at the walls, we

have a fairly accurate measure of protein surface concentration.

From one experiment to another, the DNA molecules are located at

different positions downstream from the T-junction. We thus recorded the
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concentration profiles at different positions along the channel (from 2 to 4.5

mm from the T-junction) to measure protein arrival for any experimental

situation.

APPENDIX A2: KINETIC MODELING

The raw kinetics are strongly biased by the longitudinal position along the

channel (Fig. 7 A). We expect the true biological processes to be independent

of this position and we will now demonstrate that the surface concentration

is responsible for this artifact.

Incorporating the concentration front into
the kinetics

In the following, we assume that the assembly is a single-step reaction where

A and B react to produce C (Eq. 4) (this result can be generalized to more

complex kinetic framework, see below).

A1B/
k1

C: (4)

In our experiment, A is the fraction of naked DNA, immobilized on the

surface at the longitudinal position x, and B are the flowing proteins that

compact DNA and whose concentration is time-dependent. We define very

generally f(x,t) as the normalized concentration of B, i.e., B ¼ B0 f ðx; tÞ.
Finally, Cðx; tÞ is the fraction of the molecule that has been condensed (ratio

of DNA bp involved in chromatin versus total number of bp).

The evolution of the concentration of A is given by the kinetic equation

@A

@t
¼ �k1A � B ¼ �k1B0 f ðx; tÞA: (5)

Since the DNA molecule is not compacted when the experiment begins, the

initial conditions read Aðx; 0Þ ¼ 1 and Cðx; 0Þ ¼ 0. It becomes Aðx; tÞ ¼
exp �k193tðx; tÞð Þ with tðx; tÞ ¼ R t

0
f ðx; uÞdu and k19 ¼ k1B0. Moreover,

the fraction of the molecule compacted at time t is given by

Cðx; tÞ ¼ 1� expð�k19 3 tðx; tÞÞ: (6)

Let us now examine the relationship between the observed retraction of the

molecule and Cðx; tÞ. During the assembly, the length of a DNA located at

the longitudinal position x can be written as

lðx; tÞ ¼ l0 � nðx; tÞlnucl; (7)

where l0 is the initial length, n(x,t) the number of assembled nucleosomes,

and lnucl the length compacted in one nucleosome. Since the compaction is

associated with nucleosome formation, we have n(x,t) ¼ C(x,t)3 nf, with nf
the number of nucleosomes assembled at the end of the reaction.

Finally, we should introduce the inverse of the packing ratio of the

assembled structure, defined as F ¼ lf=l0 ¼ 1� nf lnucl=l0. Therefore, com-

bining Eqs. 6 and 7, it becomes

lðx; tÞ
l0

¼ 1� ð1� FÞ3ð1� expð�k193tðx; tÞÞ: (8)

Hence, the decrease of DNA length is a function of the ‘‘pertinent’’ time-

scale t(x,t) multiplied by the kinetic parameter k19.
Finally, to directly take the concentration front into account in the fit, we

define a new function g (46), representing the normalized length of the mole-

cule as a function of t(x,t), which depends only on the kinetic parameters:

gðtðx; tÞÞ ¼ lðx; tÞ
l0

: (9)

As shown in Fig. 7 A, the raw kinetics appear very different at 2 and 3 mm

from the T-junction. The two curves collapse (Fig. 7 B) when we plot g as a

function of the pertinent timescale, and the fit of the function g gives access

to the kinetic parameter k19 (46).

Assembly kinetics with purified proteins

We consider a three-step model, in which a tetramer is first deposited, with

kinetic constant k1, and two dimers are then deposited sequentially on two

equivalent sites, with kinetic constant k2 (see Kinetic framework section;

10,30). Applying Eq. 6 to this model, one can demonstrate that

Cðx; tÞ ¼ K2K29 � ðexpð2K13tðx; tÞÞ21Þ
ðK12K2ÞðK12K29Þ

1
K1K29 � ðexpð2K23tðx; tÞÞ21Þ

ðK22K1ÞðK22K29Þ
1
K1K2 � ðexpð2K293tðx; tÞÞ21Þ

ðK292K1ÞðK292K2Þ ; (10)

withK1¼ k13 [(H3-H4)2]max,K2¼ k23 [(H2A-H2B)]max, andK29¼K2/2.

Eqs. 8 and 10 hold that the packing ratio, as well as the kinetic

parameters, can be deduced from fitting the data.

FIGURE 7 (A) Raw compaction curves obtained with extracts at two

different positions along the channel (solid circles, x ¼ 2 mm; shaded
crosses, x ¼ 3 mm). The two curves appear different because the extracts

take more time to arrive in the vicinity of the molecule located further in the

channel. The plots of the corresponding casein concentration profiles are

given as dotted lines (x ¼ 2 mm, solid; x ¼ 3 mm, shaded). (B) The same

compaction curves as in A after data treatment: the normalized length is

plotted versus the pertinent time t (for the solid curve, t(2 mm,t) ; for the

shaded curve, t(3 mm,t)).
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