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ABSTRACT

The modulation of DNA accessibility by nucleo-
somes is a fundamental mechanism of gene regu-
lation in eukaryotes. The nucleosome core particle
(NCP) consists of 147 bp of DNA wrapped around
a symmetric octamer of histone proteins. The dy-
namics of DNA packaging and unpackaging from
the NCP affect all DNA-based chemistries, but de-
pend on many factors, including DNA positioning
sequence, histone variants and modifications. Al-
though the structure of the intact NCP has been
studied by crystallography at atomic resolution, lit-
tle is known about the structures of the partially un-
wrapped, transient intermediates relevant to nucle-
osome dynamics in processes such as transcrip-
tion, DNA replication and repair. We apply a new
experimental approach combining contrast varia-
tion with time-resolved small angle X-ray scatter-
ing (TR-SAXS) to determine transient structures of
protein and DNA constituents of NCPs during salt-
induced disassembly. We measure the structures of
unwrapping DNA and monitor protein dissociation
from Xenopus laevis histones reconstituted with two
model NCP positioning constructs: the Widom 601
sequence and the sea urchin 5S ribosomal gene.
Both constructs reveal asymmetric release of DNA
from disrupted histone cores, but display different
patterns of protein dissociation. These kinetic inter-
mediates may be biologically important substrates
for gene regulation.

INTRODUCTION

Packaging of DNA by proteins in the nucleosome core
particle (NCP) affects all DNA-based chemistries, includ-
ing transcription, replication, repair and recombination (1).
The canonical NCP consists of 147 bp DNA wrapped

around a symmetric histone octamer of two H2A-H2B het-
erodimers and an (H3-H4), tetramer. Because DNA ac-
cessibility is a prerequisite for initiating transcription and
replication, an important unresolved question is how NCP
disassembly proceeds to permit access to the DNA. Exper-
iments carried out as a function of increasing salt (typi-
cally [NaCl] (2)) or force (3) reveal equilibrium intermedi-
ates with varying degrees of unwrapped DNA. Some con-
tain bound, but disrupted protein cores (4-6). However, ki-
netic studies have been limited to Forster Resonance Energy
Transfer (FRET) observations of spontaneous changes in
DNA conformation (7-9) or to changes detected during
protein binding (10-11). The former measurements reveal
that the dissociation of the DNA ends from the NCP (often
termed breathing) occurs on a time scale of 100-250 ms,
while larger scale openings involving the release of internal
DNA segments occur on the order of 1-10 min.

No kinetic experiments to date have monitored both the
DNA and histone components of the NCP as DNA is re-
leased and the octamer core is disrupted. Here we describe a
novel approach that combines contrast variation with time-
resolved small angle X-ray scattering (TR-SAXS) to ob-
serve transient NCP structures following a rapid increase
in salt. It is generally accepted that increasing concentra-
tions of NaCl may populate intermediates species similar to
those transiently populated at low ionic strength (5,12) and
this perturbation approach facilitates the application of al-
ternative biophysical methods to characterize intermediate
species and relative time scales for their formation. Two un-
resolved questions that may have major functional roles for
chromatin in vivo are addressed: (i) Is DNA release from the
histone core symmetric or asymmetric? (ii) Do the eight hi-
stone proteins remain bound to DNA upon DNA unwrap-
ping? Asymmetric disassembly of the nucleosome has been
proposed based on the 5’-to-3” processivity of DNA and
RNA polymerases, and the ability of RNA pol II to displace
H2A-H2B dimers (13). FRET-based models have generally
assumed that the rapid DNA breathing motions are sym-
metrical (10), but transient NCP intermediates observed in
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recent high speed Atomic Force Microscopy (AFM) mea-
surements detected asymmetrical opening on similar time
scales (14). Equilibrium data indicate that the H2A-H2B
dimers dissociate cooperatively from the NCP (6,15-17),
but there is evidence for dissociation of one H2A-H2B
dimer to form a hexasome kinetic intermediate (4,9,12,18).

We studied NCPs reconstituted with Xenopus laevis his-
tones and two well-characterized 149 bp NCP-positioning
sequences: the high affinity 601 DNA developed by the
Widom lab (601-NCP) (6,19) and the weaker positioning
‘5S DNA’ from the promoter region of the Lytechinus var-
iegatus (sea urchin) 5S ribosomal gene (5S-NCP) (20).

Small angle X-ray scattering (SAXS) is a label-free tech-
nique that reports the global conformation and composi-
tion of macromolecules, including NCPs, in solution (21—
26). The scattered intensity provides information about the
average composition, size and shape of the scattering par-
ticles. The extrapolated scattering intensity at zero angle,
1(0), is proportional to the square of the excess electron
density of the particles in solution and is therefore sensi-
tive to changes in the oligomeric state of the complexes.
Thus, 1(0) can be used to monitor the dissociation of pro-
teins from the NCP. A quantitative measure of size is re-
ported as the radius of gyration (R,). For scatterers with
homogenous electron densities, the scattered intensity 1(g)
is directly related to macromolecular shape. However, for
complexes with components that have varying electron den-
sities (e.g. protein and nucleic acids), the relationship be-
tween /(g) and macromolecular shape becomes ambiguous.
The simplest way to circumvent this challenge is to apply
contrast variation and match the electron density of solvent
with the lower density protein (see Supplementary Text:
Contrast Variation). By adding 50% sucrose to the solvent,
the protein becomes invisible above the background and
only the DNA contributes to the scattering (Figure 1). Con-
trast variation SAXS has successfully revealed the structure
of RNA or DNA complexed with proteins in static studies
(27-28). Here we describe the application of contrast varia-
tion to monitor changing NCP conformations as [NaCl] is
increased in equilibrium titrations. We then expand on this
strategy by incorporating a stopped-flow mixer (SFM) to
measure time-dependent changes following the rapid addi-
tion of salt (Figure 2). Extensive characterization of mixing
performance verified a ~ 5 ms mixing dead time, even for
viscous sucrose solutions (see Supplementary Text: Mixer
Characterization).

MATERIALS AND METHODS
NCP production and reconstitution

The standard procedures used to express and purify X. lae-
vis histones are described in Supplementary histone purifi-
cation. The production of both DNA sequences (Widom
601 and the 5SS sequences) is also described in Supplemen-
tary DNA production.

Our previous NCP reconstitutions employed size-
exclusion HPLC in 2 M KCI to purify histone octamers
before the addition of DNA and stepwise dialysis to
lower salt concentrations (6). If care is taken to optimize
the dimer:tetramer:DNA ratios, NCP preparations of
similarly high homogeneity can be obtained without initial
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Figure 1. Contrast variation reveals DNA conformation within protein—
nucleic acid complexes. (a) Cartoon depicting how contrast variation is
used to isolate scattering from the DNA component in protein—nucleic
acid complexes. Left: The protein—nucleic acid complex in solution can be
approximated as three phases with electron densities psory (light blue),
pproT (orange), and ppna (dark blue). Right: Because contrast arises
from electron density differences, the electron density of the solvent is in-
creased by adding small molecules such as sucrose until it matches that of
the protein. Consequently, the protein is effectively ‘blanked” and only the
DNA contributes to the measured scattering signal. (b) Scattering profiles
for NCP components measured separately in 2 M NaCl with and without
sucrose. In 50% sucrose, proteins become invisible above the background
and only the DNA contributes to the scattering. The resulting signal for
the DNA is decreased because of the reduced contrast between the DNA
and solvent.

purification of the octamer (29). Histone octamers were
formed by mixing H2A-H2B and (H3-H4), in 2 M NaCl,
0.1 mM EDTA and 20 mM Tris—Cl pH 7.5 and incubating
on ice overnight before the addition of DNA. Using the
button-dialysis method (30), preliminary small-scale re-
constitutions were done by step dialysis (2 M to 0.85, 0.65,
0.2 and 0 M NaCl) to determine the optimal conditions for
every preparation, varying both the H2A-H2B:(H3-H4),
and octamer:DNA ratios. The quality of the NCP samples
was analyzed by 5% native gel PAGE (polyacrylamide gel
electrophoresis) (described in detail in (29)) to identify the
ratio that resulted in NCPs with no free DNA or other
histone-DNA complexes. Subsequent large-scale NCP
preparations combined the appropriate amount of histone
oligomers and DNA to a final concentration of 5 pM
NCP, followed by step dialysis. Samples with the 5S DNA
were heat-shifted by incubation at 37°C for 1 h to achieve
homogeneously positioned NCPs. NCP samples were
concentrated to ~50 wM by centrifugal ultrafiltration.

Equilibrium SAXS experiments

SAXS data were collected at the Cornell High Energy Syn-
chrotron Source (CHESS) G1 station with an X-ray energy
of 10.5-10.6 keV. Sample-to-detector distance was mea-
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Figure 2. Schematic of stopped-flow mixing experiment to probe salt-
induced disassembly of NCPs without sucrose. Compact NCPs in 0.2 M
NaCl mix with buffer containing 3.0 M NaCl to achieve a final NaCl con-
centration of 1.9 M, where full NCP disassembly occurs. The optimal flow
rates and volumes used were 6 ml/s and 315 wl for 0% sucrose and 7.5 ml/s
and 375 pl for 50% sucrose. In 0% sucrose, both nucleosomal DNA and
histones are “visible’, hence TR-SAXS data reports changes in NCP global
size, structure and composition. In 50% sucrose, only nucleosomal DNA
is ‘visible’, TR-SAXS data directly reveals changes in DNA conformation.
A is the wavelength of the incident X-rays (in A).

sured to be ~1 m using a silver behenate standard. The
available g-range was from ~0.007 to 0.25 A~!. Samples
and matching buffers were manually prepared and equili-
brated for at least 5 min before being loaded into a 2-mm di-
ameter quartz capillary with 10 pm walls (HR6-150, Hamp-
ton Research). Samples were oscillated during X-ray expo-
sure to reduce radiation damage. SAXS profiles of match-
ing buffers were measured before and after each sample to
monitor beam conditions and ensure capillaries were clean.
The scattered X-rays were imaged onto a photon count-
ing array detector (PILATUS 100K, Dectris). Multiple im-
ages with 1-30 s exposures were acquired for each sample,
and exposure-dependent changes reflecting radiation dam-
age were carefully monitored. Incident beam was measured
for normalization using either a PIN diode embedded in the
beamstop or a semi-transparent beamstop to directly image
the attenuated beam. An NCP concentration series in 0.2
M NaCl showed negligible concentration-dependent inter-
particle interactions at ~5-10 wM. Thus, equilibrium and
time-resolved experiments were conducted at these concen-
trations.

Time-resolved SAXS experiments

Time resolution was achieved by incorporating a stopped
flow mixer (SFM-400, Bio-Logic) as shown in Figure 2.
Custom sample cells with 2 mm path length quartz capil-
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Figure 3. Kratky plots for 601-NCP in varied [NaCl] with (a) 0% and (b)
50% sucrose. The data (colored circles) and regularized fits to the data
(black lines) are scaled and offset to enhance visualization. Because the
data in (b) are significantly noisier, a moving average with a span of 9 was
used to show the quality of the fits. The transition from a compact to an
extended structure is observed as the strongly peaked curve changes to a
more plateaued curve at high ¢ with increasing [NaCl].

laries were used, allowing for direct comparison with equi-
librium experiments after adjusting for contrast. NCPs in
low salt (0.2 M) were mixed with high salt buffers (3 M)
at a ratio of 2:3 to achieve a final NaCl concentration of
1.88 M. Efficient mixing of viscous solutions in the contrast
matched condition was ensured by (i) loading both the NCP
sample and high salt buffer with 50% sucrose (so the mixing
solutions have similar viscosities), (ii) incorporating a high
density mixer (model HDS, Bio-Logic) and (iii) optimizing
the mixing protocol (see Supplementary Text: Mixer Char-
acterization). Matching buffers were measured before and
after each experiment by replacing the sample syringe with
low salt buffer.

Several design features were incorporated to maximize
the measured SAXS signals and ensure reliable data collec-
tion. Background scattering from air and windows was min-
imized by placing the sample capillary and X-ray flight path
under vacuum. A semi-transparent molybdenum beamstop
was used to attenuate and image the beam for reliable nor-
malizations. The PILATUS 100K detector was operated in
‘movie mode’ with a time frame of 20 ms (17 ms exposure
+ 3 ms readout). Because the samples were not oscillated
after mixing, the NCPs were susceptible to radiation dam-
age. For samples without sucrose, attenuators were placed in
the beam after 10 s to limit radiation damage. Interestingly,
samples with 50% sucrose appeared to be less susceptible to
radiation damage, thus no attenuators were used.

Data analysis

All SAXS images were processed using MATLAB (Math-
Works). SAXS intensity patterns for each image were az-
imuthally averaged about the beam center and SAXS pro-
files from multiple images of the same sample were averaged
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to improve the signal-to-noise ratio. Uncertainties in 1(g)
for each image were estimated as standard deviations di-
vided by the square root of the number of pixels binned for
each g-value and propagated appropriately. SAXS curves
for NCPs were determined by subtracting the scattering
curves of matching buffers from the total scattering curves
of the samples. Raw data are displayed as Kratky plots,
I(q)-¢> versus ¢. More globular objects display strong peaks
in Kratky plots. Pairwise distance distributions, P(R), were
calculated using the regularized indirect Fourier transform
program GNOM (31). High-¢ values were omitted in the
fits when they largely affected P(R) shape in order to avoid
artifacts from including data with low signal-to-noise ratio.
The largest dimension of the molecule (Dy,x) was system-
atically varied until (i) a good fit to the data was achieved,
(i1) the P(R) shape was stabilized and (iii) the P(R) had a
smooth decaying tail. All /(0)s and R,s reported were cal-
culated using GNOM.

For time-resolved studies, the SAXS profiles from the 20
ms exposures were binned to improve the signal-to-noise ra-
tio (at the expense of time resolution). Optimal bin sizes
were determined from kinetic Singular Value Decomposi-
tion (SVD) analysis (32) (Supplementary Figures S4 and
S5). SAXS profiles for corresponding time bins from sub-
sequent experiments (4-6 repeats for each condition) were
averaged. 1(0,7), Ry(#) and P(R,?) analysis and modeling (see
below) for each time point (z) were conducted following the
same strategies as the equilibrium experiments. In 50% su-
crose, SAXS curves extrapolated to nearly identical /(g =
0,1)s, indicating only DNA contributed to the SAXS signal.

Modeling and P(R) analysis

Model structures were utilized to gain physical insight into
the features observed in P(R) functions. The DNA compo-
nent of the crystal structure for the nucleosome core parti-
cle (1AOI) was used to model the NCPs in the completely
wrapped state. A linear 149 bp DNA using the Widom 601
DNA sequence was generated using Nucleic Acid Builder
(33) to model the NCPs in the free unwrapped state. Mi-
nor differences in length or sequence identity did not make
significant differences. To account for solvation, theoretical
scattering profiles were first calculated from the atomic co-
ordinates of the models using the program CRYSOL (34).
Theoretical scattering profiles were then processed through
GNOM to determine P(R) and R,. As shown in Figure
4d, structural features from three length scales were iden-
tified. Alternate conformations with the DNA released by
varying degrees were generated by appending linear DNA
fragments to the DNA component of 1AOI (Supplemen-
tary Figure S2). The trends observed in P(R) as DNA was
unwrapped further validate the proposed interpretation of
the features (Supplementary Figure S2).

RESULTS
Equilibrium SAXS reveals salt induced NCP disassembly

As a precursor to time-resolved studies, we first measured
the equilibrium response of the NCP to increasing [NaCl],
both with and without sucrose (Figure 3 and Supplemen-
tary Figure S1). In buffer containing 200 mM NaCl, NCPs

are compact with DNA predominantly wrapped around the
histone core. At lower ionic strength, repulsive forces are de-
tected between NCPs in the concentration range of interest,
leading to inter-particle interference effects that distort the
SAXS profiles at the lowest angles (as observed in (35)). In-
creasing concentrations of NaCl (from 0.2 to 2 M) populate
intermediate species similar to those transiently observed
at physiological ionic strength (0.05-0.1 M monovalents)
(5,12). Depending on the DNA sequence, dissociation of
H2A-H2B dimers and the (H3-H4), tetramer occur above
~0.6 and ~1.5 M NaCl, respectively (6,17). At 2.0 M NaCl,
the histone proteins are largely dissociated from the DNA.
Importantly, FRET-based studies (6) showed that sucrose
has no measurable effects on the NaCl-dependent equilib-
rium stability of NCPs.

The [NaCl]-dependent SAXS profiles measured with and
without sucrose for the 601- and 5S-NCP constructs show
a response to NaCl similar to that reported in previous
biophysical assays (5-6,12,17). Raw data, shown as Kratky
plots for 601-NCP (Figure 3) and 5S-NCP (Supplementary
Figure S1) reveal dramatic conformational transitions from
globular to extended structures as the NaCl concentration
increases from 0.2 to 2.0 M. The structural details (observed
as peaks and troughs in the curves) become significantly
more pronounced when the proteins are blanked in sucrose,
highlighting the power of contrast variation (Figure 3b and
Supplementary Figure S1b). The extension of the NCP with
increasing [NaCl] is also reflected by salt-dependent Rgs.
(Figure 4a). These raw SAXS data reveal subtle differences
between the two constructs. Although the general size for
the two constructs is comparable in the compact state at 0.2
M NaCl (43.7 £ 0.5 A for 601-NCP and 44.9 £ 0.3 A for 5S-
NCP), the broadened peaks and troughs in the Kratky pro-
files in 50% sucrose suggest a less well-defined structure for
the 5S-NCP DNA compared to the 601-NCP DNA (Fig-
ure 3 and Supplementary Figure S1). Furthermore, at 1 M
NaCl, R values show that the 5S-NCP DNA is more ex-
tended than 601-NCP DNA (Figure 4a) suggesting that it
is more readily unwrapped by increasing [NaCl]. These dif-
ferences likely reflect weaker DINA-histone interactions for
the 5S sequence relative to 601 (19).

DNA conformation revealed by P(R) analysis and ensemble
optimization method

The dramatic conformational changes, already revealed in
the Kratky plots of Figure 3, are most readily interpreted by
examining pairwise distance distribution functions (P(R)s)
computed from SAXS profiles using GNOM (31). Real-
space information is displayed in P(R)s as histograms of
all intra-molecular distances R (Figure 4b d and e). Peaks
in P(R) represent length scales that are repeated within the
particles. The distribution function approaches zero at the
largest intra-molecular dimension (Dy,.x). In the absence of
sucrose, P(R) is challenging to interpret because the contri-
butions from protein and DNA components cannot be dis-
tinguished. These P(R)s reveal only general features, such
as the overall size and largest dimension of the NCPs (Fig-
ure 4b). At low [NaCl], compact NCPs are characterized
by P(R) curves with prominent peaks near 50 A and a full-
width of ~100 A, consistent with the largest dimension of

€202 aunp 6| U0 1sanb Aq £/116Z1/29/8/E L/ZF/AI0Ne/1eu /w0 dNo"olWapeo.//:Sdjy WOy papeojumod



Nucleic Acids Research, 2014, Vol. 42, No. 13 8771

—0.2M 0.5M ——1.0M =—15M -——1.88M

601-NCP, 0% Sucrose

s \

e T --NQ~

<— Wrapped DNA
Unwrapped DNA

i

B L T B

o0 1.0
— 601 0% Sucrose .
— 5S 0% Sucrose g —_
ol 601 50% Sucrose Eost
S 5S 50% Sucrose 7 L
3 0
80
d
1.0
40
0 0.5 1.0 15 2,0
NacCl (M) &5l
c Yy
Wrapped DNA (from 1A0l) 0
d~40A{ /‘i;r'n ”@]-d..zoA e
, ® R '\,,
@ o '\G{ﬁ%
d, = 80 A 3
Unwrapped DNA T
o e

601-NCP, 50% Sucrose

= 500 A
147 bp Widom 601 DNA

f

0.2M 0.5M
Xx’=326 x*=283

o —— 1 N
300 400 500
R (A)
20M
x:=1.25
53%
47%

Figure 4. Contrast variation reveals DNA conformation during salt-induced disassembly (a) Radius of gyrdtion (Ry) for 601-NCP and 5S-NCP in equi-
librium with different NaCl concentration with and without sucrose. An expansion in size from 45 to 130 A is detected for both constructs with increasing
[NaCl]. At 1 M NaCl and 50% sucrose, the 5S-NCP DNA (72 £ 3 A) is more expanded than the 601-NCP (63 £ 1 A) (b) P(R)s for 601-NCP in equilibrium
with varied [NaCl] and 0% sucrose. A general extension of the NCP is observed with increasing [NaCl]. (¢) Models used for calculating theoretical P(R)s
for the wrapped (DNA component from the NCP crystal structure 1AOI) and unwrapped (linear 147 bp Widom 601 DNA) states. (d) P(R) peaks at three
length scales are attributed to structural features as follows: dj—diameter of duplex DNA; d»—distance between overlapping DNA ends; d3—diameter of
wrapped structure. (e) P(R)s for 601-NCP in equilibrium with varied [NaCl] and 50% sucrose. With the signal from proteins eliminated, P(R) reveals how
DNA conformation changes as the NCP is destabilized by increasing [NaCl]. (f) Models representing ensembles of conformations selected by EOM that
produce theoretical SAXS profiles that best fit the [NaCl]-dependent SAXS data. Percentages reporting weights of models and x2 values assessing overall

fit to experimental SAXS data are shown.

wrapped NCPs. Similar P(R) curves for full NCPs (in 0%
sucrose and 0.2 M NaCl) have been reported for several
different DNA sequences (22-26). With increasing [NaCl],
NCPs are destabilized, and DNA unwrapping is observed
as the general extension of the P(R) curves to ~500 A, the
length of the free dsDNA in solution.

When sucrose is added and the proteins ‘disappear’, clear
and identifiable features emerge in the [NaCl]-dependent
P(R) curves, revealing specific conformational details of
the unwrapping DNA (Figure 4e, detailed in Supplemen-
tary Figure S2). To interpret the features present in these

histograms, we computed the scattering profiles of model
structures using the wrapped and unwrapped models of nu-
cleosomal DNA (Figure 4c and d). As the DNA dissociates:
(i) a peak appears at d; ~ 20 A, revealing an extension of
DNA duplex, (ii) the peak at d, ~ 40 A disappears, cor-
responding to the decrease in overlap between DNA ends
and (iii) the peak at d3 ~ 80 A decreases, corresponding
to a disruption of the overall wrapped structure. Clearly,
contrast variation SAXS provides incisive structural infor-
mation about DNA conformations accompanying [NaCl]-
induced NCP dissociation.
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To clucidate the configuration of nucleosome-bound
DNA at different NaCl concentrations, we generated a
pool of candidate DNA conformations for comparison
with the contrast matched data. This pool contains both
symmetric and asymmetric structures (representative struc-
tures from the pools are shown separately in Supplemen-
tary Figure S8). Because multiple states may be present
at intermediate NaCl concentrations, the ensemble opti-
mization method (EOM) (36) was used to identify collec-
tions of structural models that best recapitulate the [NaCl]-
dependent SAXS data (see Supplementary Text: Ensemble
Optimization Method). The DNA models shown in Figure
4f were selected by EOM analysis from a pool of 32 models,
containing both symmetric and asymmetric structures. In
0.2-0.5 M NacCl, the ensemble is relatively monodisperse,
with DNA wrapped around the histone core. As the NaCl
concentration increases to 1.0 M, roughly half of the DNA
is released, but the DNA ends are still crossed. At 1.5 M
NaCl, more of the DNA is released but an increased het-
erogeneity appears in the chosen models. Finally at 2.0 M
NaCl, most of the DNA is released. In the ensembles that
represent 1 and 1.5 M NaCl, >75% of the models selected
are asymmetric. The relationship between peaks in P(r) at
the three length scales di, d», d3 and the structural features
of the ensembles are consistent with interpretations based
on P(r) curves computed for the representative model struc-
tures (Supplementary Figure S2).

Time-resolved SAXS reports changes in NCP composition
and size during disassembly

To measure the structures of transient states accompany-
ing [NaCl]-dependent NCP dissociation, we coupled SAXS
with a stopped flow mixer (Figure 2). Fully wrapped NCPs
in 0.2 M NaCl were rapidly mixed with buffer containing 3.0
M NaClin a 2:3 ratio to achieve a final NaCl concentration
of 1.9 M. Time-resolved SAXS measurements were carried
out with and without sucrose. Representative curves at dif-
ferent time points after mixing are shown in Supplementary
Figure S3a and b. At 0% sucrose, the time-dependent dis-
sociation of histone components from NCPs is revealed by
monitoring changes in /(0) (21). 1(0) is related to the molec-
ular mass of NCP, but interpretation of /(0) requires knowl-
edge of both sample heterogeneity and contrast. It is impor-
tant to note that the contrast depends not only on sucrose,
but also on [NaCl]. Because a wide range of [NaCl] was
used for the equilibrium experiments, we limited our analy-
sis to the endpoints with the assumption of monodispersity
(fully associated octamers in 0.2 M NaCl and fully dissoci-
ated in 2.0 M NaCl). Because time-dependent changes us-
ing a stopped flow mixer are measured against a fixed back-
ground, the contrast does not change with time. Relative
changes in /(0,7) reveals details of NCP dissociation.
Figure 5a and b shows 1(0,7) for 601- and 5S-NCPsin 1.9
M NacCl without sucrose. Equilibrium values for the intact
and completely disassembled NCPs are shown for compari-
son. The 1(0) values have not been concentration corrected,
so are arbitrarily scaled for each construct. For both se-
quences, 1(0) shows no decrease at the earliest time point
measured (20 ms), suggesting that all histone proteins re-
main bound to nucleosomal DNAs on this rapid time scale.

For the 601-NCP, /(0) remains constant for the first 200
ms after mixing. Protein dissociation occurs with apparent
first-order kinetics and a time constant of 0.74 4 0.08 s~
Significant variation is seen for 5S-NCPs where the time
course of 1(0) is well-described by a double exponential de-
cay with two distinct rates: 41.6 &+ 13.9 and 1.13 £+ 0.74
s~!. Because the amplitude of the second phase is small, we
also analyzed the time-binned SAXS curves using singular
value decomposition, which projects each curve onto basis
states and provides a sensitive measure of subtle changes
(Supplementary Figure S5¢, see Supplementary Text: Sin-
gular Value Decomposition). Two transitions emerge from
this analysis with rates that are similar to those of 1(0). Al-
though the histone proteins dissociate in a single phase from
601 DNA, the two phase curve of the 5S construct indicates
a different pattern of protein dissociation.

To assess the overall extent of the NCP structure, we com-
puted the time-dependent radius of gyration, R, (Figure 5c
and d), for both constructs and compared the values with
those obtained from equilibrium studies for intact (=45 A)
and fully disassembled (=130 A) NCPs. At the earliest mea-
sured time point, the Rys 0f 90 A for 601-NCP and 110 A for
5S-NCP are larger than at 0.2 M NaCl, suggesting a signif-
icant expansion within the first 20 ms. Interestingly, for the
601-NCP, plateaus observed in both /(0,7) and R(f) suggest
a kinetic intermediate that persists for the first ~200 ms. The
unchanging /(0) value indicates that all of the histone pro-
teins remain bound, despite expansion to a structure with
Diax ~ 325 A. In contrast, the rapidly decreasing 1(0) val-
ues for 5S-NCP reveal that the protein core breaks up and
dissociates in less than 0.1 s. By 10 s, both constructs reach
a highly expanded size (=500 A), with minimal further in-
crease.

NCP intermediate structures revealed by contrast variation
TR-SAXS

In order to integrate structural models from time-resolved
data acquired in 0 and 50% sucrose, we first confirmed that
sucrose has a minimal effect on the dissociation dynamics.
SVD analysis of time-binned SAXS curves with and with-
out sucrose (representative curves are shown in Supplemen-
tary Figure S3) showed similar rates, suggesting that su-
crose minimally alters NCP dissociation dynamics (Supple-
mentary Figures S4 and S5). Furthermore, time-dependent
changesin R, are not affected by the viscosity of the sucrose,
suggesting that DNA unwrapping is not diffusion driven
(Supplementary Figure S7a).

Applying the P(R) analysis to the kinetic scattering pro-
files, we characterized the dynamic conformational changes
of both constructs at 0 and 50% sucrose. In 0% sucrose, both
P(R) distributions at ¢ = 20 ms contain a peak similar to
that observed in the fully bound NCP, but with Dy,ax values
of 320 A for 601-NCP and 385 A for 5S-NCP (Figure 6a
and b). At longer times, the major peak position shifts from
~50 to ~ 20 A, characteristic of DNA release observed in
static experiments (Figure 4b). These changes occur more
rapidly for the 5S-NCP (Figure 6a and b and Supplemen-
tary Figure S6a and b) than for the 601-NCP, indicating its
decreased stability.
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Figure 5. 1(0,r) and Rg(7) analysis monitoring protein dissociation and expansion of NCP size as DNA is released. (a and b) In 0% sucrose, /(0) values
(black circles) monitor the time-dependent release of histone components for the 601-NCP and 5S-NCP, respectively. The 601-NCP remains intact for
the first 200 ms and is described by a single exponential decay, whereas the 5S-NCP appears to dissociate faster, but shows a double exponential decay.
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DNA alone. (¢ and d) Time-dependent changes in the radius of gyration reveals DNA unwrapping for 601-NCP and 5S-NCP, respectively. Dynamics were
monitored on time scales ranging from 20 ms to 60 s after mixing. Equilibrium values for intact (in 0.2 M NaCl, corrected for contrast — see Supplementary
Text: 1(0) Analysis) and fully dissociated (in 2.0 M NaCl for 10 min) NCP states are shown for comparison. The gray dashed lines in (c) and (d) represent
the Rys for 601-NCP (=82.15 A) and 5S-NCP (=95.37 A) if the ‘J’-shaped DNAs (Figure 6¢ and d) are bound to intact histone octamers (models shown

in Supplementary Figure S7a).

In 50% sucrose, P(R) analysis provides structural infor-
mation about the DNA conformation in the 601-NCP in-
termediate (¢ < 200 ms). Two characteristic peaks appear,
at distances d; and d; (shown in Figure 6¢). Comparison
with static analysis of Figure 4d and Supplementary Figure
S2 suggests that in this state, the DNA has a very large di-
mension (Dpyax & 325 A), does not overlap itself (missing
d, peak at ~40 A) but nevertheless forms nearly a complete
wrap around the histones (a pronounced d3 peak at ~80
A). Based on geometrical arguments, these structural signa-
tures support an asymmetric DNA conformation. A com-
parison of the experimental data with computations based
on symmetric and asymmetric models from a library of can-
didate DNA structures showed strongest agreement for a
‘J’-shaped asymmetric model. Goodness of fit was assessed
by a x? test and ensemble optimization method (Supple-

mentary Figure S8). SAXS profiles and models of DNA re-
lease from 601-NCP and 5S-NCP are shown in Figure 6¢
and d. A similarly detailed kinetic analysis of 5S-NCP dis-
sociation proved challenging due to its more rapid dissoci-
ation: the 5S-NCP is almost completely unwrapped on the
millisecond timescale. However, P(r) and EOM analysis of
the first 160 ms time-resolved SAXS data of 5S-NCP also
support asymmetric release (Figure 6f and Supplementary
Figure S8).

Structural models of the 601-NCP kinetic intermediate
can be refined by integrating all of the above data. The DNA
conformation is asymmetric, all proteins remain associated
and the R, measured for the 601-NCP intermediate (~90
A, Figure 5c¢) is significantly larger than that computed for
models of the NCP with the histone intact as an octamer on
the wrapped end (282 A, Supplementary Figure S7a). With
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Figure 6. Time-resolved SAXS with contrast variation reveals DNA conformation of kinetic intermediates. (a) Pairwise distance distribution functions,
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kinetic intermediate of the 601-NCP in 50% sucrose and (f) 160 ms data of the 5S-NCP in 50% sucrose (for details see Supplementary Text: Minimum
Chi-square (x2) Fit, Ensemble Optimization Method and Supplementary Figure S8).

the DNA constrained to a ‘J’ shape, this dramatic increase
in R, is best explained by NCP models where protein—
protein interactions are disrupted but protein-DNA inter-
actions are not. All histone proteins remain bound, but the
octamer core is no longer integral. Additional support for
this model is provided from full scattering profiles (Supple-
mentary Figure S7b).

In contrast, the 5S-NCP exhibits much faster salt-
induced dissociation dynamics, with no stable intermediate
detected. Despite these differences, it is notable that the 5S
DNA appears to unwrap asymmetrically, like the 601 DNA.
This assessment is based on P(R) and EOM analyses of the
first 160 ms TR-SAXS curve with 50% sucrose (Figure 6d
and f) and suggests that asymmetric release is a common
feature among different DNA sequences. The histone core

is disrupted before dissociation, based on the R, analysis
(Figure 5d and Supplementary Figure S7a).

DISCUSSION

The present study reveals the conformations of nucleoso-
mal DNA in response to increasing concentrations of NaCl.
NCP disassembly induced by increasing [NaCl] proceeds
through steps that may mimic those observed in the nucleus
(5,12). Thus, it is reasonable to hypothesize that the con-
formational changes of the NCP accessed by varying salt
concentrations probe the inherent dynamic properties of the
NCP that dictate interactions with cellular machinery dur-
ing chromatin function.

Representative DNA models that best describe the SAXS
data for 601-NCPs in equilibrium with varying [NaCl] are
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For 601-NCP, DNA opens rapidly from one end and reaches a metastable
conformation within the first 20 ms. The histone octamer is disrupted
by the asymmetric unwinding, but retains strong electrostatic interactions
with 601 DNA and maintains a ‘J’-shaped structure for ~200 ms. This
long-lived intermediate then dissociates at a rate of 0.74 + 0.08 s~!. 5S-
NCPs exhibit much faster dissociation dynamics. After 20 ms, the DNA
is mostly unwrapped and extended but still bound to the histone com-
ponents. No stable intermediates are detected and 5S-NCPs disassemble
within 1 s (two rates measured: 41.6 & 13.9 and 1.13 £ 0.74 s71).

shown in Figure 4f. Interestingly, many of the models se-
lected contain asymmetrically extended DNA. This type of
release may reflect the asymmetric affinity of the Widom 601
sequence reported by Chua et al. (37). Detailed analysis of
the 5S-NCP was less straightforward, possibly due to het-
erogeneity that arises from multiple translational settings.
The application of contrast variation in conjunction with
modeling reveals interesting differences between the former
sequence, which was engineered for strong binding, and the
latter, weaker positioning sequence. Future work with other
sequences has the potential to reveal additional dissociation
pathways and may elucidate the complex, but very impor-
tant connections between sequence, spacing and affinity.

Figure 7 presents a schematic timeline for the salt-
induced disassembly of the 601-NCP, as well as the less sta-
ble 5S-NCP. The novel finding we report is that the early
stage of 601-NCP dissociation involves a rapid asymmetric
release of the DNA. After about half of the 601 DNA is re-
leased, proteins in a disrupted histone core remain trapped
ina ‘J’-shaped DNA conformation for at least 200 ms. There
is evidence to support the biological relevance of the ‘semi-
open’ conformation described here by SAXS and previously
by FRET (5). This species may be the preferred substrate
for histone chaperones and ATP-dependent chromatin re-
modeling complexes in transcriptional regulation as well as
DNA replication and repair. The population of this inter-
mediate may be regulated by post-translational modifica-
tions of the histones or incorporation of histone variants,
like H2A.bbd that alter wrapping of DNA (38) or stabilize
the NCP to histone exchange, like macroH2A (39). More
than 5 s pass before the histones detach from 601 DNA,
perhaps a result of strong electrostatic interactions between
DNA and the histones. In the 5S NCP, rapid asymmetric
DNA release occurs, followed almost immediately by pro-
tein dissociation. The absence of a long-lived intermediate
precludes a more detailed analysis.

In conclusion, our results establish a powerful plat-
form for studying the global dynamics of nucleosomes and
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other nucleoprotein complexes that can be triggered by
mixing. Technological advancements (i.e. brighter X-ray
sources, faster high-viscosity mixers) will soon enable sub-
millisecond studies, the timescale of large-scale dynamics
for 5S-NCP. The range of potential targets for this tech-
nique is broad and includes NCP variants as well as other
protein-nucleic acid systems, including RNA-protein ma-
chines.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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