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ABSTRACT

We have characterized the structure of transcriptional-
ly active nucleosome subunits using electron spectro-
scopic imaging. Individual nucleosomes were
analyzed in terms of total mass, DNA and protein
content, while the ensemble of images of active
nucleosomes was used to calculate a three-dimen-
sional reconstruction. Transcriptionally active nucleo-
somes were separated from inactive nucleosomes by
mercury-affinity chromatography thus making it poss-
ible to compare their structures. The chromatographic
results combined with electron spectroscopic imaging
confirm that active nucleosomes unfold to form
extended U-shaped particles. Phosphorus mapping
indicated that the nucleosomal DNA also underwent a
conformational change consistent with particle un-
folding. The three-dimensional structure of the Hg-
affinity purified nucleosomes determined using
guaternion-assisted angular reconstitution methods
unites and resolves the different electron microscopic
views of the particle and is concordant with a sulphy-
dryl-exposing disruption of the H3—H4 tetramer.

INTRODUCTION

calculated path of the DNA. A model of the nucleosome core
particle, based on this data, shows that the two DNA strands
coincide with the path of the histone positive charges, and that the
central 12 turns of the DNA double helix contact the surface of
the octamer at repetitive structural motis Contacts between

the individual histones and the encircling DNA have been
mapped by chemical cross-linking experimets)( Histones

H3 and H4 are cross-linked to DNA within 30 bp on either side
of the dyad axis. Histones H2A, H2B and H3 are cross-linked to
the DNA where it enters and exits the nucleosome. Both chemical
(7) and UV-laser cross-linking method8) (show that the
N-terminal domains of the histones make numerous contacts with
the DNA coil at the periphery of the nucleosof)eThe cysteine
residues of the two histone H3 molecules lie within a few
Angstroms of each other at the centre of the core, where they are
not accessible to SH-reactive agef3.(

This compact structure would be expected to restrict the
accessibility of DNA to RNA polymerases and transcription
factors. Although most transcriptionally active genes are pack-
aged into nucleosomes, they are organized into a less condensec
chromatin structure. This is achieved in part by a depletion of
histone H1 {1), which normally binds the DNA strand where it
enters and exits from the nucleosome core, and by a relaxation of
histone-imposed constraints on DNA within the core particle.
Active regions of chromatin are highly accessible to hydrolytic
cleavage by DNase 12,13), DNase Il {4,15), and micrococcal

The canonical conformation of the nucleosome particle, amicleasel6,17). Moreover, the sensitivity of a gene to micrococ-

determined by X-ray crystallographic analysis of nucleosomesl nuclease (MNase) is related to the timing of its transcription.
from transcriptionally quiescent genes, is a disc, 110 A ilhe MNase-sensitive domain does not include the non-tran-
diameter and 57 A in height«3). Its centre is a wedge-shapedscribed DNA sequences flanking the gene, and this sensitivity is
protein octamer containing two each of the histones H2A, H2B)st when transcription stop$g17). On the chemical level the

H3 and H4, around which 146 bp of DNA are wound in 1.8ndividual histone proteins become hyperacetylated in their
negative superhelical turns. The X-ray structure of the octamefitterminal regions, resulting in a number of transcriptionally-as-
protein core shows a centrally located (H3-Hdlramer which  sociated changes in physico-chemical properiigs?().

contains buried sulphydryls, flanked by two H2A—H2B dimers Whereas it is recognized that changes in DNA topology and
(4). The three subunits are assembled in the form of a left-handaltered histone—-DNA contacts occur in active chromatin, the
protein super helix, with a pitch of 28 A and form a solid objeatorresponding structural basis for conformational changes of the
with a small central cavity. A distribution of positive charges omucleosome has not yet been fully addressed. Elongated forms of
the surface of the octamer appears as a left-handed spiral atttie nucleosome core believed to be associated with transcrip-
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tional activity have been detected by electron microscdply ( 37°C. All samples were then dialyzed against a buffer of 10 mM
Similarly, nucleosomes from transcribing ribosomal genes dfris—HCI, 1 mM EDTA pH 8.0 at4C, and imaged by ESI.
Physarumseem to be unfolded into a so-called lexosome
structure stabilized by non-histone proteitd ( . .

Since transcriptionally active nucleosomes can be separaf¥gSs and phosphorus analysis of nucleosome particles by ESI

specifically from inactive particles by mercury-affinity chroma-N

J ; . ; cleosomes fractionated by a 2-step Hg-affinity chromatogra-
tography, it is possible to analyze the active structure in two al ?tjy procedure were spread onto a 2-3 nm-thick carbon support
three dimensions without interference from inactive chromati

; Im supported on 1000-mesh copper grids. The carbon films
fragments £2-25). To characterize the structure of nucleosomeg .o exposed to glow discharge immediately before use.

associated with transcriptionally active genes, we have chosen {6 ;e plasmid DNA was spread with the nucleosomes to
use electron spectroscopic imaging (ESI), a technique thal.e a5 an internal reference for both mass and phosphorus

permits high resolution structural studies and elemental micrgz, .,
X . . o - ysesd7,32). A 4l drop of nucleosomes and a# drop of
analysis £6-32). An advantage of this technique is its ability tOtDNA solution were applied together to the grid. The total

Eoncentration of the chromatin and DNA Wa20 pg/ml. If

DNA within the nucleosome. The ability to map the phosphorygo et on the grid surface. After 30 s the grid was washed with
organization, and thgreby the DNA path, makes ES.' particularif rer 1o remove excess, unbound sample, followed by a wash
sensitive for detecting alterations in nucleoprotein structura;h

. _ ) ith distilled H0. Excess was removed with filter paper, after
Though ESI requires a high exposure of the specimen to tijgi-h the specimen was air dried
electron beam, the stability of DNA—protein complexes that have '

been so analyzed permits the collection of images that haggTo provide a dose-sparing darklield-like image, grids were
resolution in the 10-20 A rang2%(32). Other high resolution amined at about 30 eV energy loss. Phosphorus-enhanced

) . . . images were recorded by imaging with electrons corresponding
methods_for studyllng hlgh!y modified nucleosome parncles th% the phosphorus ionization peak at 155 eV energy loss.
can provide such information are not currently available. Reference images were recorded before the phosphorus edge a

Following ESI, the three-dimensional structure of nucleosom ergy losses of 105 and 120 eV. Micrographs were recorded on
associated with transcriptionally active genes was determin ’

o i X . ak SO-163 electron image film at a magnification of 13 000
using image processing methods based on quaternion-assiged, 000x . The film was developed for 10 min in full-strength
angular reconstitution. This technique permits the three-dimep- dak D-19 developer. Micrographs were digitized on a
sional structures of biological macromolecules to be calculat ; ; .
from randomly oriented particles33-37). The results of g mputerized image capture system and analy2éd (he

< ; 4 s . _digitized pixel size corresponded topf on the film, permittin
Hg-affinity chromatography combined with this microscopica %umbe? of nucleosomeps to occugt)?a field, usue?lly also \?vith a

analysis confirm that active nucleosomes are unfolded, formi rtion of a molecule of control DNA. Background regions were
extended U-shaped particles, consistent with a disruption of trﬁiéed to normalize the reference and the phosphorus-enhancec
H3-H4 tetramer. The changes in nucleosome conformation qmages in order to offset slight differences in micrograph

consistent with a model where only unfolding occurs, with nQ, g e density. Differences greater than 10% resulted in
additional requirement for displacement of the histone &@je ( rejection of the image sets to avoid potential non-linearity

problems between the films. In order to delineate the objects, the

MATERIALS AND METHODS average background value was chosen as a threshold for the
reference and phosphorus enhanced images. Objects were ther
Preparation of Chromatin outlined interactively and the integrated optical densities were

calculated. The integrated optical density of an object is relatively
COLO 320 DM cells, human adenocarcinoma cells (obtainedsensitive to the size of the delineation mask in this procedure.
from ATCC), were grown in DMEM supplemented with 10%An integrated optical density of a nucleosome and a defined
newborn calf serum (Gibco), 1Q@/ml penicillin, 2100ug/ml  length of linearized plasmid DNA are both obtained from the 120
streptomycin, 1Qug/ml gentimycin sulphate (Gibco). The cells eV reference image which is essentially a ‘mass’ image, obeying
were harvested in log phase at a concentration®€dl/ml.  Beer’s law. Knowing the length of the DNA and its molecular
Nuclei were prepared as describ2d)(and nucleosomes were weight and assuming an average molecular mass of 650 Da per
released by a limited digestion with micrococcal nuclease. Tmase pair and an experimentally determined value of 3.4 A/bp, the
minimize further degradation of the unfolded monoma#, ( integrated optical densities were converted to mass, so that by
conditions were modified to release only 3-5% of the totatomparison, the mass of the nucleosomes could be estimated. The
nuclear DNA into the S1 fraction. The released chromatisame masks, for the standard DNA and for the nucleosomes, were
fragments were fixed in 1% buffered, EM grade formaldehyde fdhen used to calculate the phosphorus content of the same
5 min at room temperature in 50 mM Tris—HCI, 50 mM NacCl, 0.5wcleosomes in the net phosphorus imag@s o calculate the
mM MgCl,, 1 mM [-mercaptoethanol and 5 mM sodium mass and phosphorus content on either side of an apparent plane
butyrate and immediately applied to a mercury-affinity columnof symmetry in the Hg-affinity column bound fraction, masks
After washing the column to elute the unbound nucleosomes, thvere created on both sides of the chosen plane. To determine the
Hg bound nucleosomes were eluted in two steps, as descrilsgghmetry plane, the particle boundary was delineated at a
(24). Two samples of each nucleosome fraction were submittégckground value plus one standard deviation measured over the
for electron spectroscopic imaging. One was not further treatdshckground. The two longest axes were drawn by hand using a
whereas the other was treated withug§ml RNase A for 1 h at mouse and a line joining the midpoints of these lines or a line
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orthogonal to it at its midpoint formed the axis of symmetry. Iipossible to compare their structures without the confounding
some cases the line through the bisection of the angle at the paimaracteristics inherent in a mixture of active and inactive
of intersection of the two longest axes created a symmetry axihiromatin fragments.

To minimize error from the determination of this plane, average Typical conformations of the nucleosomes in the Hg column
values of mass and phosphorus were obtained by moving the Iftegv-through and the DTT eluted fractions imaged in energy loss

(110 A to either side of the chosen plane. mode are shown in Figure The length:width ratios of the
particles show that nucleosomes of the mercury-bound fractions
Three-dimensional image processing are considerably extended relative to the compactly beaded

nucleosomes of the unbound fraction (Tald he length:width
Three-dimensional reconstructions were calculated using &tios of the nucleosome fractions eluted in 0.5 M NaCl and in 20
approach based on quaternion-assisted angular reconstruciioi DTT, relative to the unbound nucleosomes, are compatible
(33-37). The method permits the three-dimensional reconstructiaiith an unfolding mechanism that involves a relaxation of
of biological macromolecules and their complexes from sets @bnstraints on the DNA coiled around the histones of the
images of single particles at random orientations. It has been usgleosome core. This view is supported by the differences in

to determine the three-dimensional structures of pro@if55).  morphology of the particles from the unbound and Hg-bound
Using ESI images of the nucleosome purified from inactivgactions.

chromatin fraCtionS, the method has been applled to calculate thQﬁrtua”y all of the nucleosomes of the unbound fraction

three-dimensional structure of different conformational states gfgg%) resemble compact toroids, with an average mass of 208
the particle with respect to different ionic environmetiis (nthe | pa whereas only 7% display a U-shaped or elongated outline,
current study, ESI images of Hg-affinity purified nucleosomegng 594 appear as distorted or ‘swollen’ circular profiles. ESI

were selected on the basis of their molecular mass. Outliers WgHalysis of particles with an average of $&8 bp of DNA gave
a mass of more than one standard deviation from the mean Wﬁﬁeaverage total protein content of 9 kDa (Table). A plot

excluded. In order to obtain images with a higher signal to noigg ¢ estimates of protein content versus DNA contentZRig.
ratio, three-dimensional image processing was carried out USifig-qnsistent, within the measurement errors, of nucleosomes in
the phosphorus contrast enhanced images acquired at 155

energy loss. Three-dimensional reconstructions were calculateti%ir canonical conformation. In agreement with the results of
before 85,36). The quaternion-assisted angular reconstitutiona_ ay crystallography4,5), ES| also reveals that the compact

approach 36) is based upon the principle of common lir&g.( I;Ji;lelo:)omes have a central cavity or region of lower mass density
This principle state% that  projection |mﬁges of a palftlcula‘r THe nu.cleosomes released from the mercury-column in 0.5 M
egratod imensiy By determining these common nes . aCl were notall compacty beaded (1ot shown).Instead the
; ; ; : . ages revealed a mixture of three classes of chromatin subunits:
possible to determine the relative angular orientations amonﬂél oproximately 27% resembled toroids (circular profiles with

many projection images. The method is robust, has been tes . o
with simulated images and a macromolecule of known structufgduced mass in thoe centre); (if) 50% had U-shaped or elongated
and in protein structure determinatiGa-36). profiles; and (iii) 23% had a distorted or ‘swollen’ circular profile

In the reconstruction process, 150 nucleosome images were U%}QH‘ a diameter 10-20% greater than the toroids of the unbound
This is a greater than sufficient number to permit 3D reconstructioffi§ction but without reduced mass in the centre. The expanded
to be calculated at high signal-to-noise ratios and at resolutionsS4fte of this Hg-bound nucleosome is not surprising, in light of the
15-30 A, which permit gross nucleosome conformation to avidence that aIIth|o-reqct|ve nucleosome fractlons have consist-
determined6). To determine the resolution, the set of 150 image&htly shown very high levels of histone acetylation
was split randomly into two sets of 75 images and two independdAg—2541—43) and that hyperacetylation weakens and shifts
reconstructions were determined. A phase residual approach Wigfone—DNA interactions at the centre of the nucleosome core
used to determine the level of consistency between the t{@44). Most of the U-shaped particles of the 0.5 M NaCl wash
reconstructions, a measure of resolution. A phase residual bafi@gtion have DNA contents in the range expected for mono-
approach provides a measure of average structural overlapnegleosomes of COLO320 cells (average = 158 bp) 2Elp.
particular spatial frequencies and is effectively a consistendyhey exhibit, however, a larger spread in the protein mass
measure between features of specific sizes in the reconstructigtistribution in comparison to control nucleosomes @, and

This method and comparisons to other methods is extensivéhe average protein mass, 88 kDa, falls below that expected for a
discussed elsewhei&d). At a phase residual of 6a conservative complete histone octamer (108 kDa).

measure of average overlap or resolution, the reconstructiondVe are confident that the elongated or U-shaped profiles are not
correlated to 30 A. At a phase residual of,3Be point at which the result of exposure to 0.5 M NacCl. First, the exposure of the
average overlap no longer occurs, the reconstructions correlateghéoticles to fixative before the chromatography should prevent
18 A. This latter measure is equivalent to the Fourier ring correlatiomfolding. Nevertheless, to test whether 0.5 M NaCl alone could
with a cut-off at two standard deviations of the noise. These numbgsad to a detectable disruption of the canonical structure, we
are consistent with other studies carried out using the quaternion-egposed a sample of the pre-fixed, flow-through nucleosome

sisted angular reconstruction approa40). fraction to 0.5 M NaCl. The appearance of these particles in the
subsequent ESI analysis was indistinguishable from the same
RESULTS fraction not exposed to this salt concentration (E@). We

conclude, therefore, that the elongated or U-shaped appearance o
The ability to separate transcriptionally active from inactivehe column bound, salt eluted fraction is not due to exposure to
nucleosomes by mercury affinity chromatography makes @.5 M NaCl.
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Figure 1. Electron spectroscopic images of nucleosome particles &pthé flow-through fractionB) the DTT-eluted fraction of the Hg-affinity chromatography

column, C) the flow-through fraction exposed to 0.5 M NaCl before ESI analysis. The field view in (A) shows a DNA fragment used as a standard for estimati
mass and DNA content of particles. All of the particles shown at higher magnification are represented in this field. The field view was recorded at 155 eV energy
whereas the higher magnification views in (A), (B) and (C) were recorded at an energy loss of 120 eV. Scale bar represents 120 nm in the field view and 4.8 1

the high magnification images.

Unfolded particles were even more prevalent in the DT T-elutezbnsists only of nucleosomes linked to the Hg-column through
nucleosome fraction eluted with one step, without exposure to Gbcessible thiols of histone H24(43). It is not necessary,
M NacCl. Approximately 62% of the particles were elongated atherefore, for the nucleosome to unfold completely to reveal the
U-shaped (FiglB). Conversely, only 13% of the DTT-eluted H3-thiol groups known to be located at the centre of the toye (
fraction appeared toroidal and 25% had a distorted or ‘swolle&gain, we argue that it is not likely that either the nuclease
profile. The presence of the U-shaped nucleosomes in tdegestion or column buffers are responsible for the unfolded
DTT-eluted fraction is of particular interest, since that fractiomppearance of the column-bound fractions for the following
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Table 1.
Table 1 Mean Average DNA Average Proteln | Average Tetal Average Mass Average Maoss
Length:Width Content (bp} Content (kD) Mass (kI Fraction DNA Fraction
Ratio & 1 s.d, *1sd * 1sd. on high nrass DNA on Clow
gide * 1 s.d. mas side = 1
s
*  Control 1.15 = 0.07 162 = 28 101 = 29 208 0.50 + 0.08 0.47 = 0.07
(n=96) (n=30)
+ DTT 167 £ .15 155 + 40 111 = 28 212 047 £ .18 0.60 £0.17
(n=100} {n=24)
+  HMaCl 154+ 0.1 158 £ 25 8 +34 192 - -
{n=93)

*Control, Flowthrough of Hg affinity chromatography column.

+DTT,NaCl, Fraction eluted with DTT or NaCl from Hg affinity chromatography column.

<&, Total mass measured on either side of mirror plane of symmetry in order to designate high or low mass side of the particles. On average,
the DNA content on each side was equal within the measurement error.

reasons. First, the nuclease digestion buffer has an ionic strength reconstruction has not yet been calculated for the particles of
close to the physiological level. Secondly, fixation before the Hipe flow-through eluate of the column, which corresponds to
column would make further subsequent disruptions unlikely. Anglanscriptionally inactive nucleosomes. A reconstruction of
thirdly, even if the column buffer (10 mM Tris, 25 mM NacCl, 25transcriptionally inactive nucleosomes from calf thymus nuclei
mM KCI, 2% sucrose, 5 mM sodium butyrate) was capable dfas been calculated, indicating a closed compact structure,
causing a structural transition, exposure to it did not unfold treonsistent with the crystallographic form of the macromolecular
control fraction nucleosomes. They were compact, whereas tbemplex @0). We have, however, compared length:width
column-bound nucleosomes were elongated. Because the boumehsurements and principle component analS)srésults of
and unbound fractions were treated identically, the differethe flow through fraction and calf thymus-derived nucleosomes.
appearance of particles in these fractions indicates an underlyBgth populations are nearly indistinguishable in the correspon-
structural difference and is not due to exposure to particuldence of their projections to that of an oblate ellipsoid (data not
buffers or to other steps in the imaging process. Estimates of tfeown). We, therefore, expect that the reconstruction of the
DNA and protein content of the particles in this bound fractioflow-through fraction will be similar to that of the calf thymus
revealed an average DNA content of 550 bp and a protein nucleosomes, indicating a closed, compact structure.
content of 11% 28 kDa (Fig2B). ESI permits the visualization of the phosphorus distribution in
A three-dimensional reconstruction for the DTT eluted nucleaiucleosome patrticles, from which the path of the DNA can be
somes (Fig3) reveals an open or U-shaped conformation. Thiaferred (Fig4) (29). Particles with high length:width ratios, such
central core region of the nucleosome, normally inaccessible as those seen in Figuld, always show an extended DNA
indicated by X-ray crystallographyt,b), is open and accessible distribution. Because of the variety of projections that are
in this three dimensional reconstruction. This is consistent witossible, even particles with a lower length:width ratio can have
biochemical observations of internal sulphydryl accessibility im DNA distribution that indicates an unwinding of the supercoil.
nucleosomes associated with transcriptionally active genes. Anesome of the images, the DNA profile is U-shaped @4g.
half of the reconstruction also appears more massive than tiesvs 1 and 2). Phosphorus maps of many of the more elongated
other, consistent with mass measurements of individual nuclechromatin subunits strongly support the suggestion that the DNA
somes given below. This is evident in the lower portion of tharound the U-shaped and elongated chromatin subunits has beer
reconstruction shown in FiguB Profiles of the reconstruction stretched like the cail of a spring to form an S shaped projection
are consistent with the images showing U shaped and extenaddhe DNA (Fig.4A, rows 3 and 4). In this state, it is not
projections. surprising that the associated histone H3-thiol groups were
The reconstruction described here was determined using L@dily accessible for binding to the Hg-column. As stated earlier,
images of nucleosomes selected on the basis of their relatavesmall fraction of the particles have a compact circular profile
molecular mass. Two additional reconstructions were calculatsamilar to those in the control fraction. In fewer than one-third of
from independent sets of 75 images. The 75-image reconstrticese, the phosphorus or DNA appears to be confined to a
tions were similar to the 150-image reconstruction, appeaririggjectory at the periphery of the protein core (Bfy. row 5),
U-shaped and elongated (not shown). The use of a phase residudiktinguishable from those projections that were regularly
based approach, a measure of structural overlap, to compare thesserved with the control nucleosome particles @¢By.
two reconstructions indicated a resolution of 30 A at a phaseTo characterize these elongated particles further, we estimated
residual of 60, a conservative measure of resolution. Thighe DNA and protein content of each half of a number of particles
approach also indicated a resolution of 18 A at a phase residtiat had an apparent mirror plane of symmetry in the mass-sensi-
of 90°, the limit at which structural detail exhibits zero overlaptive images. The results are summarized in TaldRepresenta-
A more detailed discussion of these measures is given in referetive measurements made from images of individual nucleosomes
36. are given in Tablé. The mass in each half of a nucleosome was
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Figure 2. Scatter plots of measured protein content (kDa) versus DNA content (bp) of hucleosome particles imaged by ESI. The plots in A, B and C are derived f
the particles in the flow-through, the DTT-eluted and the NaCl-eluted fractions, respectively, of the Hg-affinity chromatography column.

measured and designated as the high or low mass side.
phosphorus content of each half was measured. On average,
amount of DNA on each side was equivalent. In contrast, the raj
of the DNA to the protein mass on the low mass side of t
Hg-bound particles, wa®0% higher than that on the high masg
side. This indicates that a loss in protein may be the cause of
altered DNA to protein ratio on the low mass side. Variability wa
observed, however, between individual particles (Tabl&or
example, the three particles analyzed in Taldach had 8& 5
bp DNA on each side of the mirror-symmetric plane. For particl
1, no significant difference in DNA to protein content from that
obtained for control particles was observed on either side of tqg _ _ i .

igure 3. Three-dimensional reconstruction calculated from images of

mw_ror-symme?nc plane. FO!‘ particles 2 and 3, hqwever' there ISTT-eluted nucleosomes associated with transcriptionally active genes. The
a h'Qher protein tO_ DNA ratio on the hlgh mass side and_a lOW&Hree views from left to right are related to one another by sequential rotations
protein to DNA ratio on the low mass side than that obtained fosf 45° to the right about a vertical axis in the plane of the page. The projection
control particles. Since we cannot identify proteins with thisatthe left shows a U-shaped conformation (on its side) whereas the open interior
analysis, we cannot determine whether altered protein to DN/t@r\I the nucleosqme_|s illustrated in the projection at the right. The _Iower part of

. . reconstruction is more massive than the other. Scale bar indicates 50 A.
ratios are due to altered core histone levels or to the presence ot
other factors. Electrophoretic analyses have shown that the
Hg-bound nucleosomes contain all four histones in stoichiomed-compact superhelix, can take on the appearance of a stretchec
ric proportions£4,42,43). This, however, is a bulk property of all spring. From the appearance of many of these particles and the
of the particles in the fraction. In contrast, the analysis presentadcessible nucleosomal interior as revealed by the three-dimen-
in Table2 indicates that variability in DNA:protein stoichiometry sional model, it is not surprising that the sulphydryls of the H3
betvyeen _|nd|V|duaI particles and b_etwe_en _s_ym_metrlcal halves_bifstones are exposed and, therefore, bind to the Hg column. Mass
particles is observed. But even this variability is not reflected iand phosphorus estimates by ESl indicate that the bound particles
the average protein and phosphorus levels of the entire fraction average are not depleted in protein or DNA content. This
nor would this variability be detectable in Coomassie-staineahalysis, however, does not rule out the possibility that core

protein gels or gels to assay DNA length. histones can sometimes be replaced with non-histone chromoso-
mal proteins. There is an indication from the analysis of single
DISCUSSION particles and from the three-dimensional model that protein can

be displaced from one side of the mirror symmetry plane of the
In this study we have shown that transcriptionally activéJ-shaped particles. Though these differences can be detected in
nucleosomes isolated by Hg affinity chromatography are strumdividual particles by ESI, the changes are not reflected in the
turally dissimilar from the bulk fraction of nucleosomes that ddulk properties of the fraction, such as protein mass analysis of
not bind to the affinity column. The Hg-bound particles have eany particles or biochemical assays to detect DNA led}h (
considerably larger length to width ratio than those that do not histone stoichiometryt@,43).
bind. They also often appear elongated or U-shaped in twoln considering the variety of nucleosome conformations made
dimensional images. The three-dimensional model calculatedident by ESI, and the distribution of the various forms in the
from electron micrographs of such particles indicates how thenbound and Hg-bound fractions, it is important to recognize that
U-shaped and extended features are characteristics of a sirgteding of nucleosomes to a mercurated support is dependent
structure at different orientations. Analysis of individual netipon transcription22-25), and that the binding is eliminated
phosphorus images indicates that the DNA, able to uncoil fromithin minutes after transcription is suppress&d. (It follows
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Figure 4. Electron spectroscopic images of nucleosome parti)esom the DTT-eluted fraction anB)(from the flow-through fraction. In (A), a mass-sensitive
image is shown (left), recorded at 120 eV energy loss, the net phosphorus image obtained from the subtraction of the 120 from the 155 eV image (centre), al
superposition of these two images (right). In (B), the mass image (left), and the superposition of the mass image and the net phosphorus image are shown (right)
bar represents 11 nm in A and 8.3 nm in B.

that the nucleosome core is a dynamic structure, changing @apacity for the DNA to uncoil could facilitate the passage of
conformation and composition to facilitate (or hinder) transit oRNA polymerase through the extended nucleosome patrticle.
RNA polymerases along the template. This dynamic nature of thiéithout the ability to unfold in this way, a displacement of the
nucleosome is in accord with numerous genetic and biochemicalcleosomal histones from the DNA would likely be required for
studies which imply an active nucleosome structlB82(). The  passage of the polymerase complex. The changes in nucleosome
compactly beaded particles of the unbound fraction clearlyonformation reported here are consistent with a model where
represent the nucleosome in its inactive state. That fractiamly unfolding occurs, with no additional requirement for the
contains the transcriptionally quiescent DNA of the @&425).  complete displacement of the histone c@®.(Some nucleo-
The rapid transitions between Hg-bound and unbound fractiosemes displayed a lower than the canonical protein to DNA ratio
that correlate with induction or repression of transcriptiomn one side of the mirror symmetry axis coupled with a higher
indicates that an equally rapid mechanism must exist for relaxipgotein to DNA ratio on the other. This observation is consistent
the structural constraints on the DNA coil in the nucleosome. With a transient displacement of histone from one side to the other,
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Table 2.
High Mass Side Law Mass Side
Nucleosome *Mass Fraction +Mass Fraction *“Mass Fraction of +Mass Fraction
Whole Nucleosome of DNA Whole Nudeosome of DNA
1 0.56 0.51 0.44 (.50
2 0.52 0.44 0.48 0.58
3 (.55 0.36 0.45 0.64

*, The mass was measured on each side of a mirror plane of symmetry of three particles. The fraction of the mass on each side was calculated.
+, The mass fraction of DNA on each side was measured. The DNA content on each side sviag.8he variation in mass fractionof DNA
is due to variation in protein content on each side.

which may be required or result from polymerase passage. Mdated nucleosomes5{-53). It indicates that the unfolding
frequently, however, the low mass side of the Hg-bound particlesomoted by hyperacetylation would not be exterisivaro(i.e.
showed a higher DNA to protein ratio, indicating a loss of proteiat physiological ionic strengths) and may require the participation
on one side of the patrticle. This may be the result of a loss of ahother factors. Other histone modifications, such as phospho-
H2A—-H2B dimer from some patrticles. rylation, may contribute to this destabilization. Alternatively, or
The unfolded form of the nucleosome is likely not an artifacin addition, an increase towards positive DNA superhelicity
of the preparation, but reflects an unfolding mechaimssitu ~ ahead of the elongating polymerase may work together with
The accessibility of H3-thiols in the transcribed regions ohistone acetylation to destabilize the particle. Thus, the underly-
ribosomal genes was demonstrated in intact nuckg)li This  ing lowered stability of the hyperacetylated core particles would
accessibility is a clear indication that the nucleosome core hlas a necessary but not a sufficient component of the mechanism
unfolded at its centre, and the energy loss images of tlfigr unfolding the nucleosome for transcription. In some contexts,
nucleosomes containing reactive H3-thiols present direct evinaintenance of the unfolded state may also require other protein
dence that the unfolding involves more than a minor perturbatiofactors. Non-histone chromosomal proteins are known to be
Moreover, the unfolded state is not likely an artifact oforesent in the Hg-column bound fractio4,8941). Or, the
preparation because only the nucleosomes along the transcribegintenance of the unfolded state may require other histone
sequences of thBhysarumribosomal genes have accessiblemodifications. For example, the ubiquitination of histone H2B is
H3-thiols, whereas nucleosomes along the non-transcrib&@nscription-dependent4). Such a modification occurring
central spacer are not thiol-reactive. Furthermore, the H3-thisimultaneously with elongation of the nucleosome may tempor-
reactivity of the nucleosomes along the transcribed rDNArily fix the particle in an unfolded state.
sequences is not observed when rDNA transcription is sup-In another study, ESI analysis of a salt-soluble fraction of
pressed. These changes in H3-thiol reactivity are not accommdicken erythrocyte chromatin, showing a 48-fold enrichment of
nied by alterations in histone content, but they are reflected the 3-globin gene, demonstrated the presence of elongated
levels of histone acetylatiod®). Finally, in avian erythrocytes, nucleosome particle$%). The nucleosomes from this fraction
the thiols of some nucleosomes can be labéfiesitu (47), were classified as having a circular profile (66% of the total), or
indicating that the exposure of these thiols is not a preparatiariJ-shape (22% of the total). Particles with a circular profile had
artifact. a total mass of 205 kDa and contained 146 bp of DNA. This type
Comparisons of the current results with those of an earlier EBf particle, resembling the canonical nucleosome core in shape
study of hyperacetylated nucleoson&%49) lend supportto the and composition, was also the predominant type in the bulk
proposal that a rapid turnover of histone acetyl groups is a majdrromatin (88% of the total) and probably originated mainly from
factor in unfolding the nucleosome core for transcription. In thesen-transcribed genes. The U-shaped particles had a total mass o
earlier studies, HelLa cells were cultured in the presence d¥0 kDa and contained 135 bp of DNA. They appeared almost
sodium butyrate, an inhibitor of histone deacetyld8e50), to  exclusively in the salt-soluble fraction along with more elongated
induce the accumulation of the hyperacetylated forms of the canacleoprotein structures of similar composition and correlate
histones. A direct correlation was observed between the levelwith high levels of acetylation, ubiquitination of H2B and
histone hyperacetylation and the extent to which nucleosomespletion of H1 (reviewed B6). The presence of these elongated
lost their compact shape and became elongated. It is significdotms in a chromatin fraction enriched in transcriptionally
that the degree of elongation varied depending on the iomompetent genes strongly indicates that they represent the active
strength of the buffers used in binding the hyperacetylaten poised state of the nucleosome. That interpretation is now
particles to the charged carbon support grids used for the electsupported directly by the structural characterization of the
microscopy. Marked differences in the length:width ratioparticles separated by Hg-affinity chromatography reported in
between the hyperacetylated and control core particles obsentbid study, which have also been shown to contain high levels of
at low ionic strength were not seen when the particles were bouacetylated core histone&/j.
to the carbon support at higher ionic strengths in the presence ofhe lability of an H2A-H2B dimer has been indicated to be a
Mg2* ions. That study by ESI on the effects of ionic strength ocharacteristic of transcriptionally active nucleosomgs). (
nucleosome structure clarifies a number of confusing and oft@isruptions that affect the H3—H4 tetramer in such particles,
conflicting observations on the physical properties of hyperacetiiowever, in other structural and biochemical data, are supported
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by this study as well. Micrococcal nuclease digestion of the rDNA6 Gottesfeld, J.M. and Butler, P.J.G. (19N@}leic Acids Red, 3155-3175.
chromatin ofPhysarunreleases two types of nucleosomes that®
can be separated by sucrose density-gradient centrifuged)on (
The denser nucleosomes originate from the non-transcribggl Turner, B.M. (1991). Cell Sci99, 13-20.

spacer, whereas the more slowly sedimenting nucleosomes #&¥evan Holde, K.E. (1988 hromatin Springer Verlag, New York.

derived from the transcribed regions_ These e|ongated and ofééh Grunstein, M., Durrin, L.K., Mann, R.K., Fisher-Adams, G. and Johnson,
bipartite ‘A’ particles are hyperacetylated and are fully accessible

to SH-reagents, whereas the sulphydryls of H3 histones from the

Bellard, M., Kuo, M.T., Dretzen, G., and Chambon, P. (1880)ic
Acids Res8, 2737-2750.
Bloom, KS. and Anderson, J.N. (19783l 15, 141-150.

LM. (1992) In McKnight, S.L. and Yamamoto, K.R. (eH&3tones:
Regulators of Transcription in Yeast in Transcriptional Regulatmid
Spring Harbor Laboratory Press, Cold Spring Harbor, NY, pp. 1295-1315.

spacers are not available. Evidence for the existence of DNage oudet, P., Spadafora, C., and Chambon, P. (Til@)Spring Harbor
1-sensitive split or half-nucleosomiesvivo in yeast has been o
obtained %7). Disruption of nucleosomes on the hsp82 genéz Sterner, R., Boffa, L C., Chen, T.A. and Allfrey, V.G. (198idgleic Acids
toward the 3end of the gene correlates with basal levels of,
transcription by engaged RNA polymerase Il molecules. The gjol. 196 379-386.

transient positive supercoiling ahead of an elongating RN24 Walker, J., Chen, T.A., Sterner, R., Berger, M., Winston, F., and Allfrey,
polymerase may be partly responsible for the nucleosome V-G. (1990)J. Biol. Chem265 5736-5746.

splitting. Finally, exchange of all of the core histones, not ju
H2A and H2B, from salt-soluble, transcriptionally active/cCOm—»g pgazett-Jones, D.P., Locklear, L., and Rattner, J.B. (J988jrastruct.
petent chromatin has been obserz&jl Exchange of H3 and H4
is consistent with the present study, where U-shaped (in 2-D) abil Bazett-Jones, D.P. and Brown, M.L. (1988). Cell. Biol 9, 336-341.
centrally cleft particles (in 3-D) derived from sulphydryl 28

accessible, Hg-column bound nucleosomes, appear to havgya

disrupted H3—-H4 tetramer.
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