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ABSTRACT: Acetylation is one of the most abundant histone modifications found in nucleosomes. Although
such modifications are thought to function mainly in recognition, acetylation is known to produce
nucleosome structural alterations. These could be of functional significance in vivo. Here, the basic features
of mouse mammary tumor virus (MMTV) promoter nucleosomal arrays reconstituted with highly acetylated
histones prepared from butyrate-treated HelLa cells are characterized by atomic force microscopy. Results
are compared to previous results obtained with hypoacetylated MMTV and hyper- or hypoacetylated 5S
rDNA arrays. MMTV arrays containing highly acetylated histones show diminished intramolecular
compaction compared to hypoacetylated MMTV arrays and no tendency for cooperativity in nucleosome
occupation. Both features have been suggested to reflect histone tail-mediated internucleosomal interactions;
these observations are consistent with that suggestion. 5S arrays show qualitatively similar behavior. Two
other effects of acetylation show stronger DNA template dependence. Nucleosome salt stability is
diminished in highly acetylated compared to hypoacetylated MMTV arrays, but nucleosome (histone)
loading tendencies are unaffected by acetylation. However, highly acetylated histones show reduced loading
tendencies on 5S templates (vs hypoacetylated), but 5S nucleosome salt stabilities are unaffected by
acetylation. ATP-dependent nucleosome remodeling by human Swi-Snf is similar on hyper- and
hypoacetylated MMTV arrays.

Chromosome structure plays a critical role in the processesthe past 10 years or so has seen tremendous progress in
of replication, transcription, and repair in eukaryotes, and understanding the basic elements of this structure, nucleo-
somes and arrays of nucleosomes9). Nucleosomal arrays
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and biochemical studies,(13). The individual 5S units
preferentially position nucleosomed4( 15), and histone
assembly order resembles that in viviB). These arrays
provide a very tractable system. However, their repetitive
nature differs from most in vivo nucleosomal arrays.

We have used atomic force microscopy (AFM) to study
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and nucleosomal arrays (reviewed in résand 4). For
example, acetylation seems to “loosen” the DiNHistone
interaction in individual nucleosomes, thus reducing the level
of restrained supercoiling and enhancing transcription factor
access. Acetylation also affects the higher order structure of
chromatin. By decreasing the extent of internucleosomal

the basic features of nucleosome occupation on both 208-contact, acetylation diminishes the folding of nucleosomal

12 (17-19) and 172-12 19, 20) 5S arrays. AFM is a
powerful imaging technique for studies of nucleic acids and
nucleoprotein complexe®{—23), and the technique has

arrays (1, 53). In fact, acetylation of a single site on H4,
Lysi6, Was recently shown to be sufficient to cause striking
changes in chromatin foldings4). Modifications located

major advantages for chromatin studies. Single molecule within the histone core domains are likely to have significant

resolution provides precise distributions for specific array

effects on nucleosome stability and perhaps on fold4&). (

features, such as numbers of nucleosomes or internucleosoThe recognition aspects of acetylation have received major

mal distances1(7—20, 24—28). Modeling approaches can
be applied to that data, for quantifiable insights9)(

attention, but the structural alterations associated with
acetylation are also likely to be functionally significant in

Subsaturated arrays are typically used in these types ofvivo (51).

studies because of the occupancy choices available on such Here, we characterize the properties of (subsaturated)
templates, which can reveal unique information about MMTV nucleosomal arrays reconstituted with highly acety-

fundamental features of occupation, and because quantitativdated histones isolated from butyrate-treated cells and
analyses are less ambiguous than for saturated arrays, whiclsompare these properties to those of hypoacetylated MMTV

tend to compact in the AFM2(7). Subsaturated arrays may
serve as models for newly replicated, gene proma2éy (
and replication origin 30, 31) chromatin, which are often
subsaturated.

The ability of AFM to image in solution is particularly

and highly acetylated or hypoacetylated 5S arrays. The results
demonstrate that the presence of highly acetylated histones
produces some effects that are similar on MMTV and 5S
arrays and some effects that differ; the latter indicate that
acetylation effects can be DNA template (sequence) depend-

useful. This feature allows imaging of chromatin to take place ent. An analysis of nucleosome remodeling by the ATP-

in an aqueous (physiologically relevant) environment and

dependent remodeling complex human Swi-Snf finds very

presents the opportunity to alter that environment in order similar remodeling changes on highly acetylated and hy-
to study either intrinsic features, such as nucleosome saltpoacetylated MMTV arrays.

stability (26, 27), or chromatin-associated processes, such

as ATP-dependent nucleosome remodeliB?-34), at the
level of individual array molecules. The ability to identify
specific types of molecules in solution AFM image3{

35) will further enhance the usefulness of AFM for studies
of chromatin and the changes it undergoes.

MATERIALS AND METHODS

Chromatin ReconstitutionrbS (172-12 and 208-12) and
MMTV DNA fragments were isolated as describdd (20,
27). The ~1850 bpNcd—SpH MMTV fragment contains
400 bp of CAT DNA and 1500 bp of viral sequence,

Concerns about the unphysiological nature of repetitive including the entire MMTV promoter region. Histone oc-
templates like the 5S led us to undertake AFM studies of a tamers were prepared as described from butyrate-treated or

single copy DNA template;-1.9 kb in length, containing
the MMTV (mouse mammary tumor virus) promoter region
(26, 27, 32—35). The MMTV promoter has long been a

untreated Hela cellsl{, 18, 20). Octamers isolated from
butyrate-treated cells will be designated as “highly acety-
lated” or “hyperacetylated” in the work below and octamers

premier model for nucleosome structure and structural from untreated cells as “hypoacetylated”, to reflect the fact

changes in response to gene activation, both in vB& (
37) and in vitro 38, 39). Studying salt-reconstituted, single

copy templates can be problematic using traditional ap-

that they are not completely devoid of acetylation. We
estimate (from gels scans) that the average acetylation levels
in the highly acetylated histones are 80 acetyl groups per

proaches, but salt-reconstituted (subsaturated) MMTV arraysoctamer, residing mainly in histones H3 and HZ&,(20).

are as suitable for AFM study as subsaturated 5S arfays (

The hypoacetylated histones contain, on averagdeacetyl

The properties of subsaturated MMTV and 5S arrays show group per octamer. Nucleosomal arrays were reconstituted

clear differences when analyzed by AFM approaches,

and glutaraldehyde-fixed as described in2éfReconstituted

demonstrating that the nature of the DNA template can affect samples were checked by electrophoresis on native 3.5%

fundamental chromatin features.

polyacrylamide gels. Mobility on these gels depends on

In vivo, the histone component of nucleosomes is subject nucleosome occupation level, and this assay provides a

to covalent modifications, on the N-terminal tails that project
out from the compact core nucleosome struct4i@—47)

as well as within the compact core domain itself (reviewed
in ref 48). Lysine acetylation, one of the most common of

these modifications, is known to be extremely important in
vivo for both replication 49) and transcription40—48, 50—

52). A major functional role of acetylation, and other

modifications, involves recognition, marking nucleosomes
for interaction with specific factors or targeting them for

further modification. However, the presence of acetylated

gualitative check on reconstitution (Bash et al., unpublished
results).

Deposition and Imaging of ChromatiBamples of recon-
stituted, fixed arrays were deposited on APTES (aminopro-
pyltriethoxysilane) or GD-APTES surfaces, both made as
described in reR6. Images were taken in air (for template
occupation level studies) or in liquid (for template occupation
level, internucleosomal distance, salt stability, and remodel-
ing studies). Population (template occupation level) values
are the same whether measured in air or in solution (Bash

histones does alter the structural properties of nucleosomest al., unpublished observations). Images are taken with a
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Multi-Mode SPM instrument equipped with an E-scanner including the length of DNA wrapped around the nucleo-
(Digital Instruments, Inc., Santa Barbara, CA) for images in some. The parametew is the difference between the
air. Noncontact conical sharp silicon tips (NCH; Nanosensor), chemical potential of the histone octamer in solutiorand
and Ultrasharp Noncontact silicon cantilevers (NSC 15/50; the formation energy of a nucleosontwg,i.e.,w = (g —
MikroMasch Inc.) were used for imaging. The typical tapping w«)/KT (k is the Boltzmann constant afidthe temperature).
frequency was 296340 kHz for the NCH tips and 340 If the chemical potential of octamers is due only to their
380 kHz for the NSC 15/50 probes; the scanning rate was solution entropy, its value is equal to the logarithm of the
2—3 Hz. Solution imaging was carried out with a Macmode octamer concentration [H}y = In [H]. Regression fits of
PicoSPM (Molecular Imaging, Tempe, Az) equipped with the values ofv with respect to the logarithm of the octamer
triangular SiN4 cantilevers (Molecular Imaging, Phoenix, concentration lead to a determination of the association
AZ) with a spring constant of 0.1 N/m. Measurements were constant for the nucleosome Ks= [H], %, where [H}, is
performed at about 8 kHz driving frequency and 5 nm the histone octamer concentration that makes the value of
oscillation amplitude. For solution imaging, e.qg., for the salt thew parameter equal to zero. This association constant refers
titrations @6), the prepared sample is mounted into an SPM to the association of a segment of DNA of a nominal length
liquid flow cell (Molecular Imaging, Phoenix, AZ), and NaCl L with a histone octamer; i.eL is the length of DNA in the
solutions of increasing concentration are injected into the nucleosome. We use averafievalues determined from
flow cell in situ and scanned after 10 min with 8% amplitude analysis of array contour lengths and nucleosome numbers.
reduction. The scanning rate was 1.78 Hz. We note that the average values we determine are typically
Determining Nucleosome Numbers and Measuring Nu- less than what is considered to be the canonical core
cleosome Locations on the Templatésr each reconstituted  nucleosome length of 147 bp. Evidence for shorter wrap
sample, nucleosome numbers on at least 150 array moleculeengths has been reported (reviewed in58f, and we will
were determined. Molecules to be counted had to havepresent AFM data in support of shorter lengths elsewhere
distinguishable nucleosomes and discernible template termini.(Solis et al., in preparation). Note that thevalue affects
Every acceptable molecule in a field was counted to avoid the absolute magnitude of model-derived quantities, but
bias. Each molecule analyzed was marked in order to avoidrelative differences (between any two cases) are not highly
remeasuring it. sensitive to the value df so long as the same value is used
To perform the measurements, AFM images of nucleo- for the two cases being compared. For example, the choice
somal arrays were converted from nanoscope format (Digital of L value affects the absolute magnitude of association
Instruments, Inc.) into TIF files and the measurements constants for highly acetylated or hypoacetylated 5S arrays
made using Scion (NIH Image) software. Distances were but not relative differences between the two (seel@f
measured from a template terminus to the center of the The various comparisons shown in this work, 5S vs MMTV
first nucleosome encountered, then progressively to thearrays/highly acetylated vs hypoacetylated, all involve the
centers of each successive nucleosome, and finally fromsamel values,~130 bp. This allows us to make meaningful
the center of the terminal nucleosome to the adjacent templatecomparisons of the relative differences Ky or other
terminus (9). The data were sorted as distances from a quantities.
template terminus (“end distances”) and as distances between The distributions of internucleosomal distances on the
nucleosome centers (“internucleosomal distances”). Thetemplate provide information on nucleosormaicleosome
data were initially sorted by, the number of nucleosomes interactions. Nearest neighbor nucleosome interactions are
on a template, and compiled (summing ovemrglhs needed.  best quantified by the use of a virial coefficient. This virial
As an internal check, contour lengths for each molecule coefficient, v, can be interpreted as an effective excess
were also recorded. The contour length varies slightly among (or deficit) of length created by nucleosomeucleosome
molecules but decreases consistently as the number ofinteractions. An enhancement of occupation of the neighbor-
nucleosomes present on the molecule increases, as expectethg region to a given nucleosome is equivalent to the
Analysis of Population and Distance Data for Chromatin creation of an excess length in the random positioning model.
Arrays Previously, we presented a theoretical framework We have determined the virial coefficients associated
for analyzing nucleosome population and distance data fromwith specific regions within a distance of 35 nm from the
the AFM in order to quantify nucleosome occupational center of nucleosomes, in all cases. Assuming a uniform
features 19). Data from studies of 208-12 (and some 172- interaction over this region allows the conversion of a
12) 5S rDNA arrays were analyzed in that work. The method virial coefficient into the average interaction eneryy.
assumes that interactions between nucleosomes and betweefhe data for population and distance analyses were taken in
the DNA template and histones can be treated as smallvery low salt, so the values correspond to these conditions.
deviations from a random occupation model. The approachFor a complete discussion of the model, please see
can be applied to any AFM data, and here we extend it to ref 19.
MMTYV promoter arrays. Nucleosome Remodeling Studi€se nucleosome remod-
The model allows the determination of several quantities eling protocol has been described previoud$)( Briefly,
describing various nucleosomal array features. Bi{istone subsaturated chromatin arrays are incubated with the ATP-
association constants can be determined from populationdependent nucleosome remodeling complex human Swi-Snf
distributions, that is, from the statistical distributions of the (hSwi-Snf) in deposition buffer (10 mM NaCl/5 mM NaH
numbers of nucleosomes on arrays, at various DNA and POy, pH = 7.5) for 25 min and then deposited and imaged
histone concentrations. Using the model, the experimentalin a flow cell linked to the AFM. The sample is scanned
population distribution can be fitted to a theoretical distribu- twice, to assess the levels of scanning-induced change, then
tion that depends on a parameter,and several constants 1 mM ATP (plus Mdg™") is flowed into the sample to activate
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hSwi-Snf, and the sample is rescanned after 30 min, to check
for remodeling changes. Images were acquired in a scan time
of 5 min per image. The hSwi-Snf was a generous gift from
G. Hager.

By scanning the same field and thus the same individual
array molecules before and after hSwi-Snf activation, it is
possible to monitor remodeling changes on individual arrays.
It is possible to show that some change\{TP vs —ATP)
are clearly remodeling-induced as opposed to being instru-
ment-induced (see text and r82). We note that the GD-
APTES surface tethers nucleosomes (via the histones) but
leaves the nucleosomal DNA as well as some histones
relatively free to moved6, 32—34).

RESULTS

We previously used AFM approaches to compare the basic
features of hypoacetylated MMTV and 5S subsaturated
nucleosomal arrays2{) as well as highly acetylated and
hypoacetylated, subsaturated 5S arrdy&-@0). Here, the Ficure 1. AFM images. Images of two highly acetylated MMTV
same approaches and a statistical mechanical model that cagamples (from the same set of reconstitutions; seeTgfwith
analyze AFM data quantitatively are used to determine the ?r:ﬁelezt?) ‘;‘r’gggﬁel g‘#g"iogosr?eangi\‘;‘épﬁ;g’g‘acle%’gtse' 4 g;m”g:esp‘
basic featU“?S of MMTV array; reconstituted with highly (frégm the same set of recvonstitufions), panehg € 4.7) and panel
acetylated histones (see Materials and Methods), for com-p (n,, indeterminate), are shown. Panel D illustrates the type of
parison to the previous studies. sample obtained when using a histone input that would be

Array Compaction Is Mitigated in Highly Acetylated expected to produce am, > 8 (27). These samples contain highly

A Nucl tituted 2900 b compacted array molecules (their abundance increases with increas-
rrays Nucleosomes were reconstituted on-a P ing histone imput), and they always have many fewer molecules

MMTV promoter DNA fragment 27) by a stepwise salt  in‘the images than samples at lower nucleosome occupation levels,
dialysis protocol {8—20, 26, 27), using highly acetylated  even though they are reconstituted at the same DNA concentration

HelLa histone octamers isolated from butyrate-treated nucleiand otherwise treated the same. These images were taken in air;
(17, 18). The average acetylation level of these histones is 2%1\2(5;1 images of the same samples show similar results (data not
8—10 acetyl groups per octamer, residing mainly on histones '
H3 and H4, whereas the hypoacetylated histones contain ony v arrays in AFM images results from tail-mediated
average<1 acetyl group per octamer. Arrays were recon- jnternucleosomal contacts. Surface attachment of arrays in
s’gltuted to various levels of subsaturation by varying the input o studies occurs through the histones, probably via the
histone levels. lysine residues in the tail®6). Thus, highly acetylated arrays
Representative AFM images of highly acetylated and might be less firmly attached to the surface than hypoacety-
hypoacetylated MMTV arrays are shown in Figure 1. The |ated arrays, which, in principle, could also affect compaction
two types of arrays are very similar in appearance at low to pehavior. Note, however, that we have never observed any
medium levels of nucleosome occupation (cf. Figure 1A vs direct evidence of less firm surface attachment of these
1C). However, at higher occupation levels, there are someacetylated arrays, for example, when samples are repetitively
significant differences (Figure 1B vs 1D). We previously imaged (8—20, this work).
observed 27) that as the average occupation level of  Histone Loading Tendencies on MMTV Arrays Are Not
(hypoacetylated) nucleosomes on the MMTV DNA template Affected by AcetylationTo study the tendencies for nucleo-
approaches~8 (these templates should saturate at 12 somes (histones) to load on MMTV DNA templates,
nucleosomes), images start to show significant numbers ofreconstitutions were carried out at various levels of input
intramolecularly compacted array molecules. At higher input histone octamer (DNA levels held constant), and the numbers
histone levels, such compacted molecules dominate the imagef nucleosomes present on array molecules (in the types of
(cf. Figure 1D). The presence of highly acetylated histones images shown in Figure 1) were counted to obtain population
mitigates this compaction behavior; higher histone inputs are distributions. A statistical mechanical model presented previ-
required to observe significant compaction, and even at thoseously (19) can use these data to quantify template loading
occupation levels, compaction is typically less extensive tendencies. This involves plotting, a fitted parameter
(Figure 1B). For example, acetylated samples at occupationrelated to the chemical potential of histone octamers, vs In
levels as high as,, ~ 10 can still contain uncompacted array [H]. [H] is the free octamer concentration in a reconstituted

molecules. sample (Materials and Methods).
The presence of acetylated histones is known to decrease Such data for highly acetylated (filled circles) and hy-
the levels of nucleosomal array folding in solutid®) b1, poacetylated (open circles) histone loading on MMTV DNA

53, 54) by reducing the level of internucleosomal contact templates are shown in Figure 2. The data typically show
(11). Folding in solution is probably analogous to compaction significant scatterX9), due probably to variations inherent
in the AFM. Thus, an acetylation-induced reduction in array in these nucleosome reconstitutions (very small amounts of
compaction is consistent with solution results and strengthensmaterial, variable adsorption of histones on dialysis tubing,
the suggestion 27) that compaction of hypoacetylated etc.). Nevertheless, it is clear that the results for highly
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8 i DNA templates) are not coincident (Figure 6 of r£9).
7 7 Analysis using the model finds that association constants for
nucleosomes on 5S arrays are reduced roughly 2-fold with
acetylated histones (Table 1 of r&9). This corresponds to
an ~0.5 kcal/mol less favorablAG for highly acetylated
vs hypoacetylated nucleosome formation on 5S arrays. Also,
a plot ofn,, vs input histone for individual 5S samples shows
a reduced loading tendency for highly acetylated histones
(20). Thus, the effects of histone acetylation on template
loading tendencies can vary with the DNA template; i.e.,
these tendencies can be template-dependent. We have no
explanation for this dependence. Other techniques have
_ _ shown that the optimal octamer concentrations in reconstitu-
0 i i tions of mononucleosomes can be sequence-deperint (
16 15 14 which may be another manifestation of the same feature.
In[H] The association constants for nucleosome formation on
. MMTV templates are smaller than those for nucleosomes
e ety g oo o e ottt o 55 templates. The diferences are foughly 15-0ld fo
various levels of input, highly acetylated or hypoacetylated histone Flypoacetylated and-10-fold for highly acetylated nucleo-
(DNA levels held constant), and the numbers of nucleosomes SOmMes (Table 1). These results show that the average-DNA
present on MMTV array molecules were counted. Template loading histone affinity for nucleosomes in MMTV arrays is lower
tendencies are quantified from these data by plotting fitted than 5S DNA-histone affinity, as expecte@T). Note that
parameter related to the chemical potential of free histone octamersyo-5se the MMTV template is single copy, the association

vs In [H], where [H] is the free octamer concentratid®), The | f | Id ithin the DNA
filled circles are data for highly acetylated MMTV arrays (fitwith ~ constant values for nucleosomes could vary within the

a solid line), and the open circles are data for hypoacetylated template. Indeed, ensemble-average results suggesting dif-
MMTYV arrays (fit with a dotted line). The horizontal bar shows fering DNA—histone affinities for two mononucleosome
the spread of data in the concentration direction. A DNA wrapping |ocations on this template have been presens&l (Thus,
length around the nucleosome-sf.30 bp produced the best fit to the MMTV values in Table 1 should be considered an

the data. Uncertainty in the values of the fitted parametds o f | in5S
negligible; the error bar reflects dispersion in the linear regression 2Verage. Association constants for nucleosomes in 5S arrays,

fits of the w parameter vs In [H]. which contain 12 identical repeated units, should be more
uniform across the array.
Table 1: Association ConstaatéK,) and AAGP for Hypoacetylated Cooperatiity in Nucleosome Occupation Is Abolished in
and Highly Acetylated Nucleosomal Arrays Highly Acetylated ArraysAFM measurements of nucleo-
Ka(M™1) AAG Le some locations on a large number of arrays (Materials and

template  hypoacetylated  acetylated (kcal M%)  (bp) Methods) can provide information on nucleosome positioning

MMTV 8 +4x10F 65+3x10F +01+005 130 tendencies and information on the influences of internucleo-

5S (208-12 120+ 60x 10° 66+30x 100 +05+0.2 127 somal interactions in template occupation, i.e., cooperativity
aThe equilibrium constant for historddNA association, i.e., in occupation 18, 19).

nucleosome formatio®.AAG =  AGacetyiated nucieosome formation — Subsaturated MMTV arrays, acetylated or not, show no

AGhypoacetylated nucleosome formatiot Average wrap length (see Materials — significant nucleosome positioning tendencies in an AFM

and Methods)? The 5S data are taken from Table 2 of fief analysis (data not shown) except for a strong preference for

nucleosome occupation at DNA termini. Similar end prefer-

acetylated and hypoacetylated MMTYV arrays are similar; the ences are observed for 5S arrays8,(19) and have been
data points for the two types of arrays are, on average, known for some time from biochemical studiés). These
coincident. The data fits in Figure 2 provide values for the AFM approaches are capable of detecting nucleosome
association constants. These are quite similar (Table 1),positioning; positioning is observed on subsaturated 208-12
corresponding to AAG ~ 0.1 kcal/mol. Such differences 5S arrays 18, 19). However, even in that case, the degree
are insignificant due to the large uncertainties in these of positioning determined by AFM is weaker than that
determinations. Thus, by this measure, the use of highly inferred from biochemical analyse$4), perhaps reflecting
acetylated histones does not detectably affect the thermo-the fact that the AFM studies use subsaturated arrays whereas
dynamic tendency for nucleosome (histone) loading on the biochemical analyses use saturated arrays. The latter
MMTYV templates. A simpler analysis, plotting the average reduce the randomizing influence of entropy on positioning.
number of nucleosomes on arrapg,) in individual samples Internucleosomal distance data for 5S nucleosomal arrays
reconstituted at various input histone levels, also shows quitedetects a cooperative tendency for nucleosome occupation
similar behavior for hyper- and hypoacetylated MMTV in hypoacetylated arrays that is absent in highly acetylated
samples (data not shown), in agreement with the abovearrays (8, 19). We find similar behavior for MMTV arrays
conclusion. (Figure 3). Internucleosomal distance plots for hypoacetylated

On the other hand, using this same approach, we previ-MMTV arrays show a prominent peak at very short distances
ously found that loading tendencies for hyper- and hy- (Figure 3, upper panel, filled circles). This peak lies well
poacetylated histones on 5S arrays differ. When analyzedabove the random (theoretical) expected level (thick solid
as in Figure 2, i.e., plots o vs In [H], the data points for  line). Such behavior reflects correlated nearest neighbor
the two types of 5S arrays (for both 172-12 and 208-12 5S nucleosome occupation, i.e., cooperativity in occupati@ (
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80 larger in the highly acetylated MMTV (vs 5S) arrays. The
positive energy values (negative virial coefficients) observed
60 with both types of highly acetylated arrays are probably due

to steric (interference) effectd ).
P AN Salt Stabilities The repetitive solution imaging capabilities
§ N\ of AFM were used previously to study the salt stabilities of
© N nucleosomes in hypoacetylated MMTV and 5S arra6 (
201 o O 27). Here, salt stabilities of highly acetylated nucleosomes

O are characterized for both types of arrays. To carry out these
0 ‘ Rada__ studies, (subsaturated) nucleosomal arrays are deposited on
0 50 100 150 200 GD-APTES mica, which tethers nucleosomes through the
xnm histones, and then imaged in a flow cell attached to the AFM.
Surface tethering permits repeated scanning of the same
group of individual array molecules (the same area of the
surface) as salt solutions of increasing concentration are
flowed into the cell. The resulting series of images over a
range of salt concentrations tracks the progressive release
of DNA from the nucleosomes (histones) in individual arrays,
thus generating a single molecule level determination of
nucleosome salt stability in arrays. This experiment is
possible because, despite being tethered to the surface, both

' , the DNA (26, 27, 32, 33) and at least some histone® in
0 50 100 150 200 these arrays maintain significant amounts of freedom.
xnm Figure 4 (upper panel) shows examples of such salt

FiGURE 3. Acetylation abolishes cooperative nucleosome occupa- “titrations” for three samples, two highly acetylated (filled
tion of MMTV arrays. Internucleosomal distance distributions, circles) and one hypoacetylated (filled triangles). Samples

i.e., the numbers of moleculeg-éxis) versus the nearest neighbor :
internucleosomal distances-#xis), are shown for hypoacetylated are characterized by, the average number of nucleosomes

The points are experimental values; the thick solid line is the variation in nucleosome occupation levels within a sample,

theoretical (random) distribution of expected lengths. The dotted the fraction of nucleosomes in an array that hastreleased
lines show the & limit of statistical deviations from random.  tneir DNA is plotted as a function of [NaCl]. This fraction
Experimental values beyond those limits are considered significant. . ’ X
Images were taken in solution. is calculated as the r_1u_mber of nucleosomes present in an
array at any [NaCl] divided by the number present on that

Table 2: Virial Coefficients and Energiesfor Nearest Neighbor nucleosomal array initially (at very low salt concentration).
Nucleosome Interactions Whether judged by the mid-point (50% bound) or end-point
virial coeff _ interaction energies (0% bound) values in such titrations, highly acetylated
array histone state v2 (bp) V; (kcal M-1) nucleosomes have a lower salt stability than hypoacetylated
MMTV  hypoacetylated o5 032 nucleosomes in MMTV arrays. _ o
hyperacetylated —14 0.30 A very useful approach is to compile the titration data
59 hypoacetylated 20 —-0.25 from all the individual sample titrations and group it hy
hyperacetylated ~ —10 0.15 the specific number of nucleosomes in the array (Figure 4,
a Uncertainties are-10 bp for virial coefficients and-0.15 kcal/M lower panel). In this case, the average salt concentration

for interaction energie®. The 5S data are taken from Table 3 of ref required for nucleosomal DNA loss, i.e., the value averaged
19 over all of the nucleosomes in an array containing
nucleosomes, is plotted versnsThus, nucleosomal DNA
19). However, that peak is absent in distance plots for highly loss data from array molecules that contair 2 nucleo-
acetylated arrays (Figure 3, lower panel); in fact, for these somes,n = 3 nucleosomes, etc. are separately displayed.
arrays, very short internucleosomal distances are slightly Pooling the data in this way increases the numbers of
underpopulated compared to a random expectation. Thus,molecules, thus enhancing the statistical accuracy, it provides
the tendency for cooperative occupation is abolished in highly an easy way to assess variance in the data, and, most
acetylated MMTV arrays. importantly, it can reveal occupation level-dependent varia-
This effect can be quantified using the model, by deter- tions. Previously, we found that hypoacetylated nucleosome
mining the values of the virial coefficients (see Materials salt stabilities are greater in MMTV than in 5S arrays and
and Methods) and thus the average interaction energies pethat MMTV salt stabilities are occupation level-dependent
pair of nucleosomes (calculated from the virial coefficients). at low occupation levelsn( < 4) but 5S stabilities are
These quantities are shown in Table 2 for hypo- and remarkably constant over the whole range of occupation
hyperacetylated MMTV (from this work) and 208-12 5S studied (Figure 6 of reR7).
(from Table 3 of refl9) arrays. Hypoacetylated arrays of The results in Figure 4 (lower panel) show several features:
both types show a tendency for cooperative occupation that (1) In agreement with the results shown in the upper panel
is abolished in highly acetylated arrays. However, the of Figure 4, the presence of highly acetylated histones
cooperative tendency is somewhat stronger in MMTYV than decreases the salt stabilities of nucleosomes in MMTV arrays,
in 5S hypoacetylated arrays, and the change is somewhagt least for occupation levels up to~ 6 (filled circles vs




Acetylated MMTV Arrays Biochemistry, Vol. 46, No. 19, 20056629

1 e . . As discussed at length in r@f7 and below, the presence
‘“v:}v ] and/or interaction of the surface with the arrays could affect
:\"v ] nucleosome salt stability. For example, less extensive at-
‘\ 1 tachment of highly acetylated arrays to the surface (see
e above) could contribute to lowering salt stabilities. However,

08 |

08 R ] these surface influences should affect both 5S and MMTV

LN \ ] arrays similarly since the two types of arrays contain the
04 : *\ \ ] same histones. Thus, template-associated acetylation differ-
' ) \ . ences, namely, that the presence of highly acetylated histones
02 L : v ] lowers MMTYV but not 5S stabilities and that stabilities for
; N ] highly acetylated MMTV nucleosomes can vary with oc-
. . v 1 cupation level but 5S do not, must reflect differences that
0 05 1 15 are due to the different DNA templates in the two types of
M NaCl arrays. Thus, acetylation effects on the salt stability of
nucleosomes in arrays can vary with DNA template.
In previous work with hypoacetylated MMTV arrays, it
was suggested that the observed dropoff in stability at
] 6 (cf. Figure 4 lower panel, filled triangles) could reflect a
y + 7 decreased ability to accommodate the torsional stress gener-
*/H § ? ] ated by DNA release from nucleosomes as arrays become

Fraction Nucleosome DNA Bound

08
o L P increasingly nucleosome-occupied. That this does not occur
' ’ + with highly acetylated arrays, at least uprio= 9 (filled
K circles), is consistent with the suggested lower level of
04 | %g. 2.0
o

M NaCl

@@ e R @ e - restrained supercoiling in individual acetylated nucleosomes
] (reviewed in ref) because each nucleosomal length of DNA
released in acetylated arrays would release less torsion. The
small shift in the range where occupation level dependence
] is observedr{f = 2—4 for hypoacetylated va = 3—5 for
0 b e e hyperacetylated arrays) could also be due to decreased DNA
0 2 4 & 8 10 restraint in acetylated nucleosomes.

Nucleosome Number We note one other feature that these results indicate

E/ll(li/IUTR\E 4 Ace%yrl]ation decreasfs hnUC|60|S(imefSt’ﬁ|t fStak;!”ty iff‘ regarding nucleosome salt stability. Titrations like those
arrays. The upper panel shows plots of the fraction o ; :

nucleosomes that maintain their DNA, i.e., it has not been releasedShown in the upper panel qf Figure 4 are bro_adeSt for
from the histone core, versus [NaCl] for arrays in two highly acetylated MMTV samples with average occupation levels

acetylated MMTV samples (filled circles)n,, = 4.7 and =6, which corresponds to 50% of saturation on this MMTV
N, = 6.5, and one hypoacetylated sample (filled triangleg)= template 27). For example, whereas the curve for the=
5.9. The lower panel shows plots of the average NaCl concen- 4 7 highly acetylated sample is fairly sharp, with 80% of

tration required for nucleosomal DNA loss (averaged over all of 0 0 : e
the nucleosomes in an array molecule) compiled from salt titration the change (from 90% to 10%) occurring within a range of

experiments such as those in the upper panel but collatackags, ~0.15 M in [salt], the curve for the,, = 6.5 acetylated
i.e., by the total number of nucleosomes on an array (in low salt), sample is much broader; 80% of the change occurs over a

and plotted versus. These plots include data from all of the salt range >0.5 M in [salt]. Hypoacetylated MMTV samples
titrations that were done, across the spectrumypfData for highly show similar behavior27). Broadening reflects a greater

acetylated MMTYV (filled circles) and 172-12 (open triangles) as o - .
well as previously determined dat27] for hypoacetylated MMTV  N€terogeneity in these mid-occupation range samples. On the

(filled triangles), hypoacetylated 172-12 (open squares), and hy- Other hand, 5S transitions are sharp (80% change requiring
poacetylated 208-12 (open circles) 5S arrays are also shown. The<0.2 M change in [salt]), at all occupation levels, in
lines connect the data points and are simply present to aid in hypoacetylatedd7) as well as hyperacetylated samples (data
visualization. Imaging was carried out in solution. not shown). Thus, an enhanced breadth in midrange samples
is another MMTV vs 5S behavioral difference. Acetylation
is obligatory for assembly of newly synthesized histones into
chromatin 49). If subsaturated, acetylated MMTV arrays can
) ; ®be considered a model for replicating chromatin, then these
the same across the whole range of occupation studied her%ata would suggest that50% array occupation levels offer
(open triangles vs open squares). the greatest inherent opportunities for variations in nucleo-
(2) The salt stabilities of highly acetylated MMTV  some stabilities and thus possibly in occupation patterns. This
nucleosomes show occupation level dependence at the loweproperty could play a role in vivo in the assembly of the

occupation levelsr( = 5), as do hypoacetylated MMTV  variety of chromatin structures that need to be established

nucleosomes. 5S nucleosomes, hyper- or hypoacetylatedduring replication.

show no occupation level dependence of stability (open Nucleosome Remodeling of Highly Acetylated Arrays

triangles vs open squares or circles). Previously, we used AFM techniques to study the basic
(3) The stabilities of highly acetylated MMTV nucleo- features of nucleosome remodeling of hypoacetylated MMTV

somes remain higher than the stabilities of 5S nucleosomesarrays by the ATP-dependent nucleosome remodeling com-

The two are closest at very low occupation leveis<( 4). plex, human Swi-Snf32). The approach involves imaging

02 1

filled triangles). In contrast, there is no effect on 5S
nucleosome salt stabilities at any occupation level; hyper-
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40 matin, a total of 103 local areas showing remodeling changes
35 were chosen and analyzed in detail. Those areas sometimes
g 39 contained multiple molecules and could therefore show
& 25 multiple type§ of changes. nghly acetylated arrays show
> the same basic types of remodeling events as hypoacetylated
% 20 arrays (Figure 5, lower panel). As was the case for hy-
< 15 poacetylated arrays3®), DU and rewiring of acetylated
10 arrays are remodeling-specific events; those events are not
5 é observed in repetitive scans of samples (MMTV arrays plus
0 hSwi-Snf) carried out in the absence of ATP (Wang et al.,
0 0.1 0.2 0.3 0.4 unpublished results).
SWIi/SNF-Chromatin (moles/mole) The relative proportions of DM and PM events are similar
in highly acetylated or hypoacetylated samples (Figure 5,
0.8 . b
) lower panel). However, the remodeling-specific events, DU
g 07 and R events, differ somewhat in relative frequency; the
g 06} 1 proportion of rewiring events is lower and the proportion of
2 05} DU events is higher for highly acetylated samples. Rewiring
g 04| events are the most dramatic type of remodeling change. That
B 03l they are less common in the hyperacetylated data set is
% - consistent with our general impression that remodeling
E 7 changes on acetylated MMTV arrays are, if anything, less
2 01} robust than the changes we observe on hypoacetylated arrays
0

(32). This was true even in remodeling experiments done

DU R . .
Event the same day, with the same hSwi-Snf etc. However,

differential remodeling activity is difficult to establish firmly
poacetylated MMTV arrays. The upper panel shows a dose response,becalf'_S.e hSW"Snf activity could vary from d9p05|“0_n to
curve, activity score versus the ratio of hSwi-Snf:.chromatin deposition. Highly acetylated arrays may be less firmly
molecules. Activity score reflects the number of remodeling tethered to the surface than hypoacetylated arrays. However,
changes; it is the number of nucleosomes that have undergoney,at difference should enhance remodeling of the highly

Ficure 5: hSwi-Snf remodeling of highly acetylated and hy-

change +ATP compare to-ATP) divided by the total number of L .
chrorgat& moleculgs present in) the imagg field (see alsg@2pf ~ acetylated arrays, which is not the case. Other kinds of results

Squares show results for highly acetylated arrays, and circles showhave indicated only a modest role for histone tails in hSwi-
results for hypoacetylated arrays. The lower panel shows normalizedSnf nucleosome remodeling activitieS%, which is con-
frequencies for the various types of remodeling events (see text) sistent with the absence of significant differences in hSwi-
for highly acetylated MMTV arrays (hatched bars) or hypoacety- gt remodeling of hyper- and hypoacetylated MMTV arrays.
lated arrays (solid bars; from r&pR). o -
Some specific examples of DU and R events observed with
the same individual array molecules before and after activa- highly acetylated arrays are shown in Figure 6. Yellow
tion of remodeling by addition of ATP to hSwi-Snf/MMTV  arrowheads in the-ATP image mark the sites where changes
chromatin samples deposited in situ in a flow cell linked to will occur, and the changes are located by green arrowheads
the AFM. In that study, we analyzed the “dose response”, in the +ATP image. We characterize particles as nucleo-
i.e., the frequency of remodeling events as a function of somes or subnucleosomal particles (cf. H3/H4 tetramer
hSwi-Snf levels, and divided the observed remodeling eventsDNA complexes) in these images based on their heights,
into four basic classe82): (i) “DNA movement” (DM) or using previously determined criteri83, 34; Bash et al.,
“protein movement” (PM) events, which involve relocation unpublished results). Also, several hSwi-Snf complexes were
of preexisting DNA segments or protein particles (including located in these images (blue arrows in Figure 6, panels A
the appearance of new particles on DNA) after ATP addition; and B), again based on previously determined criteria, heights
(ii) “DNA unwrapping” (DU) events, which involve new  >4.2 nm, widths 4570 nm @3). Remodeling events often
DNA appearing at the former location of a nucleosomal or occur in the proximity of such complexes.
subnucleosomal particle or the extrusion of DNA from very  In panels A, an H3/H4 tetrameDNA sized patrticle (“1”,
large particles that are probably hSwi-Snf and/or aggregated—ATP image) and a nucleosome-sized particle (“2ATP
chromatin after ATP addition; (iii) “rewiring” events (R), image) have disappeared after ATP addition, releasing 25
which involve major changes in the DNA path in arrays after nm and an undeterminable amount (due to path uncertainties)
ATP addition. Only the first two classes of events, DNA of DNA, respectively. In the lower portion of panels A, two
and protein movements, are observed in repetitive scans ofsmaller particles (“3” in—ATP image) have coalesced into
hSwi-Snf/MMTV chromatin samples carried out in the a larger one after ATP addition (an uncommon event) and
absence of ATP, which is a control to assess instrument-an H3/H4 tetramer-sized particle (“4” mATP image) lying
induced changes3p). Thus, the other two types of events next to a hSwi-Snf complex (blue arrow RATP image)
are clearly remodeling-associated. has disappeared, releasing 25 nm of DNA. Particles with
Here, we carry out a similar analysis of hSwi-Snf heights characteristic of H3/H4 tetramddNA complexes
remodeling of MMTV arrays containing highly acetylated are common in these images, and hSwi-Snf complexes often
histones. We find that the dose response of highly acetylatedare found lying close to them and to one another (Figure 6
and hypoacetylated arrays is similar (Figure 5, upper panel).A, blue arrows, —ATP image). Both features are also
To analyze the event frequency in highly acetylated chro- commonly observed in samples of hypoacetylated arrays plus
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(18, 19), but there are some quantitative differences (see
below).

The presence of these highly acetylated histones also
results in some qualitative behavioral differences between
MMTV and 5S arrays. In MMTV arrays, nucleosome
salt stability is lowered (at low to mid levels of array
occupation) in highly acetylated vs hypoacetylated arrays
(Figure 4), but the thermodynamic tendencies for nucleosome
(histone) loading on the MMTV DNA template are unaf-
fected by the use of acetylated histones (Figure 2), as
measured by nucleosome association constants (Table 1). In
contrast, loading tendencies on 5S arrays are reduced
somewhat when using highly acetylated histonEg @0;
Table 1), but nucleosome salt stability is unaffected (Figure
4). Thus, the effects produced by the presence of acetylated
nucleosomes in arrays can vary, either qualitatively or
guantitatively, with the nature of the DNA template.
Since the same sets of highly acetylated and hypo-
acetylated histones are used to reconstitute both types of
arrays, these differences must reflect DNA template-depend-
ent features.

The use of the deacetylase inhibitor sodium butyrate to
FiGURe 6: Examples of nucleosome remodeling of acetylated isolate histones with high levels of acetylatic0(61) has

M'VI'TV la”agysf- These F:ja"fst of images ('é%.) show the .Sameh%”f?‘y been employed extensively in studies of the effects of
melectie before ) and for () ATP S0t (0 VRIS ISWE et on on chromatin n such hisione preparations, e
arrowheads in the-ATP panel, and the changes are marked by N-terminal histone tails are typically highly acetylated, and
green arrowheads in the correspondit@dTP panel. The blue  this is known to diminish the ability of the tails to mediate
arrows identify hSwi-Snf molecules, based on criteria in 38f internucleosomal interaction§, (11). Therefore, array prop-
hg'f%g}:?‘éﬁ o Snde":"gfgfg :u?e“m- ’\;‘I?]t; t,ga(t:g]riatm?nteg:ann% , erties that involve significant levels of tail-mediated inter-
gnd 2) are taller F;Ean typical nuclgosomes but fall %elow the nucleosomal Comac,ts should be sigqificantly aﬁ?Cted by th,e
unambiguous hSwi-Snf criteria; they could be partially dissociated Presence of these histones, and this is the case in our studies.
hSwi-Snf complexes, which are common in images of hSwi-Snf Compaction, the AFM analogue of chromatin folding in
(33). These smaller complexes typically contain the ATPase subunit, solution @7), and cooperative nucleosome occupation both
G2, 2 00 an sl el chromatn, meal s i depend sronly on tal-medited neruceosomnal erac

. tions, and as noted above, both are significantly affected by

chromatin have been described in greater detail irB8ef v '
the presence of these highly acetylated histones. The levels

hSwi-Snf @3). In panels B, another very common remodel- ©f both H4 Lyse acetylation, which strongly affects solution
arrowhead), from under a hSwi-Snf-sized complex (blue could also affect compaction (reviewed in rég), are
arrow) after ATP addition. Some DNA~45 nm) is also unknown in our acetylated histone preparations. Thus, it is
extruded near the top of this complex. In panels C, rewiring POssible that compaction differences (and perhaps cooper-
changes, i.e., major alterations in DNA path, are observed ativity differences) between highly acetylated and hypoacety-
after ATP addition (green arrowheads;ATP image), lated arrays (MMTYV or 5S) could be stronger than those we
involving the appearance of100 nm (upper right green  Observe. Also, other histone modifications (methylation,
arrow) and~150 nm (lower left green arrow) of DNA, phosphorylation) can be present in histones from butyrate-

respectively. treated cells; the possible effects of these modifications are
currently impossible to evaluate. However, while specific
DISCUSSION histone features (H4 Lysor core acetylation or other types

of modifications) could affect the magnitude of the observed

Using AFM approaches, we have characterized the prop- highly acetylated vs hypoacetylated differences, they cannot
erties of MMTYV promoter nucleosomal arrays reconstituted alter the conclusion that there are DNA template-dependent
with highly acetylated histones (isolated from butyrate- differences between 5S and MMTYV since the same sets of
treated Hela cells; see Materials and Methods) and comparechistones were used to make both types of highly acetylated
their properties to those of hypoacetylated MMTV and and hypoacetylated arrays.
hyper- and hypoacetylated 5S rDNA arrays. The two most The template-dependent differences in nucleosome salt
significant effects noted when these highly acetylated his- stability (Figure 4) are harder to explain. Nucleosome salt
tones are present in MMTYV arrays are (1) mitigation of the stabilities ought to reflect, at least in part, the inherent
compaction that occurs at subsaturated occupation levelsstrength of the histone octameDNA interaction. We show
(Figure 1) and (2) loss of cooperativity in nucleosome here that 5S DNA, one of the strongest known natural histone
occupation (Figure 3), both of which are prominent features binding sequences in mononucleosome studizss3), binds
of hypoacetylated MMTV arrays. Qualitatively similar histones more strongly than MMTV DNA, by at least 10-
results are found for hyper- vs hypoacetylated 5S arraysfold on a per nucleosome basis (Table 1). Yet the salt stability
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of MMTV nucleosomes in arrays is significantly higher than locate next to one another (discussed further i2igf 5S

that of 5S nucleosomes. It was argued in 2&fthat other arrays are commonly used as a model for chromatin behavior
effects besides the inherent strength of the DNstone in vivo, but the results in this work suggest that 5S arrays
interaction could affect the salt stability of nucleosomes in have properties that differ from the typical (in vivo) single
arrays, for example, “higher order” effects such as internu- copy arrays. Thus, the MMTV array may be a more
cleosomal interactions and DNA torsional or topological appropriate model. For example, on the basis of the compac-
constraints. The variation of salt stability with number of tion differences observed between MMTV and 5S arrays,
nucleosomes in hypoacetylated MMTV arrays and the 5S arrays may underestimate the extent of folding of in vivo
sensitivity of this response to the presence of acetylatedarrays.

histones (Figure 4) both argue for the involvement of  The observation of differential responses to the presence
internucleosomal (higher order) effects in determining nu- of acetylated histones in 5S vs MMTV arrays indicates that
cleosome salt stability in MMTV arrays. The enhanced acetylation effects can be DNA template- and/or DNA
cooperativity (Table 2) and enhanced compaction of hy- sequence-dependent. Histones are known to bind with
poacetylated MMTV vs 5S arrays suggest that tail-mediated differing thermodynamic affinities on different DNA se-
internucleosomal contacts may play a more significant role quences %6, 62, 63, 65), as we observe, and the stability
in (subsaturated) MMTYV than 5S arrays, and this difference and dynamics of DNArhistone association can also vary
could contribute to the enhanced MMTV nucleosome stabil- with DNA sequence §5—67). Other DNA sequence-de-
ity. However, these differences seem too modest to accountpendent behaviors include nucleosome repositioning tenden-
completely for the substantial salt stability differences cies and remodeling6@, 69), nucleosome mechanical
observed between hypoacetylated MMTV and 5S nucleo- stability (70), ligand—nucleosomal DNA interactions7{,
somes in arrays (Figure 4). Also, in acetylated MMTV arrays, 72), and the roles of histone tails in nucleosome stability
the levels of internucleosomal contacts are greatly reduced(73), which is consistent with our observation of sequence-
(Figure 3), but these nucleosomes maintain a higher saltdependent acetylation effects. To this list of sequence-
stability than even hypoacetylated 5S nucleosomes, at leastdependent features, we would add the effects of acetylation
for occupation levels > 5. Thus, other effects are probably on occupational cooperativity, loading tendencies, and salt
involved. For example, if there is acetylation of residues stabilities of nucleosomes in arrays.
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