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Abstract. Cryoelectron microscopy has been used to 
examine the three-dimensional (3-D) conformation of 
small oligonucleosomes from chicken erythrocyte nu- 
clei after vitrification in solutions of differing ionic 
strength. From tilt pairs of micrographs, the 3-D loca- 
tion and orientation of the nucleosomal disks, and the 
paths of segments of exposed linker can be obtained. In 
"low-salt" conditions (5 mM NaCI, 1 mM EDTA, pH 
7.5), the average trinucleosome assumes the shape of 
an equilateral triangle, with nucleosomes at the verti- 
ces, and a length of exposed linker DNA between con- 
secutive nucleosomes equivalent to ~46 bp. The two 
linker DNA segments converge at the central nucleo- 
some. Removal of histones H1 and H5 results in a much 
more variable trinucleosome morphology, and the two 
linker DNA segments usually join the central nucleo- 
some at different locations. Trinucleosomes vitrified in 
20 mM NaC1, 1 mM EDTA, (the salt concentration 
producing the maximal increase in sedimentation), re- 
veal that compaction occurs by a reduction in the in- 
cluded angle made by the linker DNA segments at the 
central nucleosome, and does not involve a reduction in 
the distance between consecutive nucleosomes. Fre- 
quently, there is also a change in morphology at the 
linker entry-exit site. 

At 40 mM NaCI, there is no further change in trinu- 
cleosome morphology, but polynucleosomes are appre- 
ciably more compact. Nevertheless, the 3-D zig-zag 
conformation observed in polynucleosomes at low salt 
is retained at 40 mM NaCI, and individual nucleosome 
disks remain separated from each other. There is no ev- 
idence for the formation of solenoidal arrangements 
within polynucleosomes. 

Comparison of the solution conformation of individ- 
ual oligonucleosomes with data from physical measure- 
ments on bulk chromatin samples suggests that the lat- 
ter should be reinterpreted. The new data support the 
concept of an irregular zig-zag chromatin conformation 
in solution over a range of ionic strengths, in agreement 
with other in situ (McDowall, A. W., J. M. Smith, and J. 
Dubochet. 1986. EMBO (Eur. Mol. Biol. Organ.) J. 5: 
1395-1402; Horowitz, R. A., D. A. Agard, J. W. Sedat, 
and C. L. Woodcock. 1994. J. Cell Biol. 125:1-10), and 
in vitro conclusions (van Holde, K., and J. Zlatanova. 
1995. J. Biol. Chem. 270:8373-8376). Cryoelectron mi- 
croscopy also provides a way to determine the 3-D con- 
formation of naturally occurring chromatins in which 
precise nucleosome positioning plays a role in tran- 
scriptional regulation. 

T r~E basic unit of chromatin, the nucleosome core 
particle, consisting of 145 bp DNA wrapped around 
an octamer of histones, has been well-characterized. 

Crystals of the histone octamer have provided high resolu- 
tion information about all but the free NH2-terminal do- 
mains (Arents et al., 1991), and the core particle has been 
solved to a resolution of 0.7 nm (Richmond et al., 1984). 
The chromatosome (Simpson, 1978), comprising two com- 
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plete turns (166 bp) of DNA and one molecule of the H1 
class of very lysine rich (VLR) 1 histones is a more complex 
particle in which the trajectory of the additional DNA and 
its relation to the H1 molecule have not yet been fully de- 
fined. Chromatin, in which chromatosomes are intercon- 
nected by linker DNA, presents an additional level of 
complexity, and its three-dimensional (3-D) conformation 
is still less well-understood. It is now well-established that 
chromatin is not merely a passive mechanism for packing 

1. Abbreviations used in this paper. CTF, contrast transfer function; Dt, 
diffusion coefficient; GA, glutaraldehyde; VLR, very lysine rich. 
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DNA, but is the native substrate for transcription, and also 
plays a key role in transcriptional regulation (e.g., Felsen- 
feld, 1992; van Holde, 1993; Wolffe, 1994). In some cases, 
it is changes in chromatin 3-D conformation brought about 
by precisely located nucleosomes that appear to direct reg- 
ulatory switches, and it thus becomes important to deter- 
mine the local spatial relationships of chromatin compo- 
nents. 

Much of the current information on chromatin conforma- 
tion has been obtained from polynucleosomes released from 
isolated nuclei after micrococcal nuclease digestion. (We use 
the term polynucleosome rather than isolated chromatin 
in recognition of the likelihood that isolated material may 
not reflect the true complexity of the in vivo state [Gian- 
nasca et al., 1993].) One aspect of polynucleosome behav- 
ior that has a direct bearing on the conformation issue and 
is open to experimental manipulation is salt-induced com- 
paction. From studies based on a variety of biophysical 
techniques including sedimentation, light and x-ray scat- 
tering, and linear dichroism, as well as direct observation 
in the electron microscope, it is generally accepted that in 
low ionic strength solutions (1-5 mM monovalent ions), 
polynucleosomes assume an open zig-zag conformation in 
which the linker DNA is extended between consecutive nu- 
cleosomes (van Holde, 1988; Butler, 1988; Widom, 1989). 
Compaction into higher order structures can be reversibly 
induced by raising the ionic strength of the medium. The 
relationships between compaction state, ion concentration, 
and ion valency have been studied in considerable detail, 
and a mechanism based on electrostatic interactions has 
been put forward (Widom, 1986; Clark and Kimura, 1990). 

Thorough analyses of the sedimentation velocity (S) of 
different sizes of oligonucleosome over a wide range of 
salt concentrations have contributed much of the informa- 
tion on the mode of salt-induced compaction in the pres- 
ence of VLR histones (Butler and Thomas, 1980; Bates et 
al., 1981). Mono- and dinucleosomes have a constant S 
value over the 1-100 mM monovalent ion range, while for 
N = 2 to ~5, an increase in S up to 25 mM NaC1 is ob- 
served, after which S remains constant. For N> approxi- 
mately 6, S increases over the whole salt range, a finding 
interpreted in terms of a requirement for six or more nu- 
cleosomes to form and stabilize one turn of a higher order 
helical chromatin fiber (Butler and Thomas, 1980). Other 
methods of studying compaction have generally agreed 
with the sedimentation data, although recent dynamic light 
scattering measurements of translational diffusion coeffi- 
cient (Dt) have suggested that dinucleosomes compact in 
an HI-independent manner in response to increasing salt 
(Yao et al., 1990, 1991). 

In principle, direct observation with the electron micro- 
scope should provide definitive information concerning 
polynucleosome conformation. However, for conventional 
EM studies, polynucleosomes must be adsorbed to a flat 
substrate, and then stained or shadowed. In the resulting 
two-dimensional images, nucleosomes are seen almost ex- 
clusively en face, and the 3-D conformation is necessarily 
lost. Key information concerning the trajectory of linker 
DNA as it enters and leaves the nucleosome, the flexibility 
of linker DNA, and the relative orientation of consecutive 
nucleosomes cannot be obtained. As salt-induced compac- 
tion proceeds, it becomes impossible to resolve linker 

DNA segments with conventional electron microscopy 
(e.g., Thoma et al., 1979; Woodcock et al., 1984). 

The ability to image biological materials freely suspended 
in vitreous water (Dubochet et al., 1988, 1992) is particu- 
larly advantageous for the study of chromatin fragments in 
solution. An aqueous environment is retained, and, for 
structures of the size scale of small oligonucleosomes, the 
complete 3-D conformation may be preserved. From tilt 
pairs of micrographs, stereology (Beorchia et al., 1991; 
Dustin et al., 1991), provides 3-D information concerning 
distances between consecutive nucleosomes, linker DNA 
trajectories, and the relative orientation of consecutive nu- 
cleosomes. We show here that cryoelectron microscopy 
provides greatly improved images of oligonucleosomes in 
solution, allowing the results of solution studies on salt- 
induced compaction to be correlated directly with changes 
in conformation. Although the qualitative agreement be- 
tween sedimentation velocity determinations and cryo- 
electron microscopy is excellent, the conformational changes 
seen in the microscope show that a reinterpretation of the 
structural implications of the sedimentation data is neces- 
sary. 

Materials and Methods 

Chromatin Preparation 
Fresh chicken blood was diluted into ice-cold 150 mM NaCl, 5 mM Pipes, 
pH 7.5, 0.5 mM PMSF, and washed twice in the same solution by centrifu- 
gation at 1,000 g. NP-40 detergent was added to 0.5 %, and nuclei pelleted 
and again washed twice as before. Digestion with micrococcal nuclease 
(Sigma Chemical Co., St. Louis, MO) was carried out at 37°C in 5 mM Pipes, 
pH 7.5, containing 0.2 mM CaCl 2. After temperature equilibration, en- 
zyme was added to 1 U/50 ~g DNA, and the reaction stopped after 2-4 
min (when the chromatin gel dispersed), by adding EDTA to 2 mM, and 
cooling on ice. The soluble chromatin supernatant containing ~40% of 
the starting material was layered onto linear 5-35 % sucrose gradients con- 
taining 5 mM NaC1, 1 mM EDTA, pH 7.5, and centrifuged in a rotor 
(SW27; Beckman Instruments, Fullerton, CA) at 25,000 rpm for 16 h. 
Fractions were collected using a pump and monitoring system (Isco Inc., 
Lincoln, NE). Selected fractions were pooled, concentrated, and dialyzed 
into the desired buffer using Microcon 100 concentrator units (Arnicon 
Inc., Beverly, MA) according to the manufacturer's directions. Concentra- 
tion occurs by centrifugation of the solution through a porous membrane 
with a 100,000-D cut-off size. 

For removal of histones H1 and HS, samples were brought gradually to 
0.6 M NaCl, and Microcon 100 units used first to remove the released his- 
tones, and then to restore the NaCl concentration gradually to 5 mM. 

Histone content was determined by dissolving chromatin fractions in 
sample buffer containing SDS and urea, and separating components on 
20% polyacrylamide gels containing SDS (Horowitz et al., 1990). In some 
cases, Coomassie blue-stained gels were digitized using a TV camera (see 
below), and the summed pixel values corresponding to entire histone bands 
determined. A series of lanes containing different loadings of histones ex- 
tracted from whole nuclei was included in each gel, and used for checking 
the linearity of the analysis procedure. 

Dynamic Light Scattering 
Chromatin samples were concentrated to 100 ~g/ml to 250 wg/ml in three 
different buffer solutions: 1.0 mM Tris, pH 7.5, 0.01 mM ED TA (Yao et 
al., 1990); 1 mM Pipes, pH 7.5, 0.1 mM EDTA; and 1.0 mM ETDA, pH 
7.5, containing the desired NaCl concentration. After centrifugation at 
10,000 g for 5 rain to remove large particles, light scattering was observed at 
20°C in an ALV500 goniometer (ALV-laser, Langen/Hessen, Germany), 
and translational Dt values calculated using the CONTIN program 
(Provencher, 1982). At least five 2-min runs were recorded for each sam- 
ple. Some samples were first fixed with 0.I % glutaraldehyde in the appro- 
priate buffer for 24-48 h, and others were fixed after an initial Dt mea- 
surement. 
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Cryoelectron Microscopy 
Chromatin samples were adjusted to ~50 p.g/ml in the appropriate NaCl 
concentration, applied to holey carbon films, and plunged into liquid 
ethane held just above its freezing point in liquid nitrogen. Some samples 
were fixed in 0.1% glutaraldehyde at 4°C for 24 h before freezing, then di- 
alyzed into 5 mM NaC1, 1 mM EDTA, pH 7.5. In view of the importance 
of controlling the evaporation of water from thin films during cryoelec- 
tron microscopy (Bellare et al., 1988; Cyrclaff et al., 1990; Bednar et al., 
1994), the relative humidity in the specimen area was monitored continu- 
ously. No humidity-related changes in chromatin conformation were ob- 
served between 60 and 100% relative humidity. Grids were transferred 
under liquid nitrogen to a cryoholder (model 626; Gatan Inc., Pleasanton, 
CA), and observed at -170°C in an electron microscope (CM12 or CM10; 
Philips Electronic Instruments Co., Mahwah, NJ) at nominal magnifica- 
tions of 42,000 or 45,000. Tilt pairs of micrographs (angular separation 30 °) 
at 1.5-2.0 Ixm defocus, were recorded in low dose mode, on film (SO-163; 
Eastman Kodak Co., Rochester, NY), and developed in full-strength D-19 
(Eastman Kodak Co.) for 12 min. 

Conventional Electron Microscopy 
To chromatin samples in the desired salt concentration, glutaraldehyde 
was added to 0.1% for 24 h at 4°C. Samples were then brought to 50 mM 
NaCl, and applied to glow-discharged carbon films (Woodcock et al., 
1981). Two staining methods were used: in the first, grids were washed 
with water, then placed on three successive drops of 2% aqueous uranyl 
acetate, followed by three drops of distilled water, and air dried. In the 
second, grids were rinsed for 30 s in pH 9 water (50 ml distilled water con- 
taining 50 ~xl of 0.05 M potassium carbonate, potassium borate buffer, pH 
10.0) (Fisher Scientific Co., Fairlawn, NJ), containing 0.4% Photoflo 200 
(Eastman Kodak Co.), air dried, stained in 1% phosphotungstic acid in 
75% ethanol, rinsed in 75% ethanol, 100% ethanol, and air dried. Grids 
were examined in a Philips CM10 operated at 80 kV, and micrographs 
taken at a nominal magnification of 39,000. 

Image Analysis 
Selected micrographs were digitized using either a linear CCD camera 
(Eikonix 1412; Eastman Kodak, Rochester, NY) (Bednar et al., 1994), or 
a TV camera (C2400; Hamamatsu Corp., Bridgewater, N J). The final pixel 
size was ~0.7 nm 2. Before stereological analysis, image pairs were pro- 
cessed by applying a contrast transfer function (CTF) correction based on 
the known microscope parameters, and an assumed phase:amplitude con- 
trast ratio of 1:0.07 (Wade and Chretien, 1993). Information at frequen- 
cies beyond the first zero of the CTF was suppressed in the final image 
(Vigers et al., 1986), limiting resolution to 3.1 nm. It was possible to fur- 
ther improve the quality of images with extremely noisy backgrounds by 
low-pass filtering to 4.7-5.4 nm. 

Stereology (Beorchia et al., 1991; Dustin et al., 1991; Furrer et al., 1995) 
was used to determine 3-D locations of features in the tilt pairs from which 
coordinates of nucleosome positions and internucleosomal distances and 
angles were derived. Where possible, x,y,z coordinates were determined 
for nucleosome centers and linker DNA entry-exit sites, and several 
points along each linker DNA and used to calculate the following parame- 
ters (see Fig. 2): cc, center-to-center distance between consecutive nucleo- 
somes; ee, distance between linker entry-exit sites; L, length of spline fit to 
points along linker DNA; a, included angle at the point of divergence of 
two linker DNA segments; and b, included angle at the center nucleosome 
determined from nucleosome centers. The reproducibility of these mea- 
surements was tested as follows: the mean of the standard deviation in 
point selection (five trials) in the 2-D images was 0.6 pixels. The effect of 
point-picking error on 3-D calculations was estimated by allowing 2-D co- 
ordinate values to vary by 1-3 pixels. A two pixel change in a 2-D coordi- 
nate resulted in a 3-D distance change of less than one pixel, and a 3-D an- 
gle change of less than one degree. To assess operator bias in point selection, 
a data set of 33 trinucleosomes was analyzed by two operators at different 
sites, each using independently developed software. Each trinucleosome 
was analyzed five times by each operator. There were no significant differ- 
ences between the calculated 3-D distances (t test, P = 0.87), or 3-D an- 
gles (t test, P = 0.99). 

The orientations of nucleosome disks were determined from peak cor- 
relation coefficient values (>0.85) after cross-correlation with a set of 360/ 
5 ° projections of a model nucleosomal disk. This disk was modeled to the 
dimensions determined by x-ray crystallography (Richmond et al., 1984). 
The inner radii, representing protein, and the outer radii, representing DNA, 

were assigned densities at a ratio of 0.6:1.0, based on mean pixel intensi- 
ties measured on frozen-hydrated images of en face nucleosomes. Individ- 
ual nucleosomes from the first image of a frozen-hydrated image pair were 
oriented in the 2-D image plane to a common axis, defined by the site at 
which linker DNA joined the nucleosome, before the cross-correlation. 
Since the model nucleosome disk is symmetrical, two correlation peaks 
separated by 180 ° are found. The symmetry of the disk also results in iden- 
tical peaks for projections of equal positive and negative rotation relative 
to the 0 ° projection. Final assignment of nucleosome orientation depended 
on the combination of the rotation data with the stereological data set, 
consisting of 3-D coordinates, internucleosomal distances, and dimen- 
sions. Solid models of selected oligomers were created by positioning ob- 
jects of appropriate dimension representing nucleosomal disks and linker 
DNA paths at the coordinates and orientations derived as described 
above. These models were examined interactively in three dimensions us- 
ing Vertigo 9.6 (Vertigo, Inc., Vancouver, B.C., Canada) software. Com- 
parison of stereo-pair projections of the resulting solid model with the 
original stereo-pair images provides an additional means of evaluation 
and refinement of the models. Image processing and analysis were per- 
formed on a Silicon Graphics workstation using the SUPRIM (Bre- 
taudiere, J. P., and J. Schroeter, University of Texas; revisions by B. Car- 
ragher, Beckman Institute, University of Illinois) image processing package. 

Results 

We have used cryoelectron microscopy to determine the 
3-D solution conformation of chicken erythrocyte oligonu- 
cleosomes. This chromatin has a mean nucleosomal repeat 
of ~212 bp, and three VLR histones, H1A, HIB,  and H5 
(van Holde, 1988), with H5 estimated to be present at a ra- 
tio of 0.9 molecules per nucleosome, and the two H1 variants 
to total 0.4 molecules per nucleosome (Bates and Thomas, 
1981). The sedimentation behavior of chicken erythrocyte 
oligonucleosomes has been studied in detail, and shown to 
be qualitatively similar to that of rat liver (Bates et al., 
1981). 

Oligonucleosomes were prepared from isolated chicken 
erythrocyte nuclei by digestion with micrococcal nuclease, 
and separation on sucrose gradients. A low salt environ- 
ment (<5 mM monovalent ions) was maintained during 
digestion and subsequent handling to avoid redistribution 
of the VLR histones H1 and H5 (Caron and Thomas, 
1981; Thomas and Rees, 1983). Peak fractions correspond- 
ing to oligonucleosomes with N = 1,2,3,4, and N -- 5-15 
were collected and dialyzed into 5 mM NaC1, 1.0 mM 
EDTA,  pH 7.5. The histone content of the trinucleosome 
fraction relative to the starting nuclei was estimated from 
the total Coomassie blue stain intensity of individual bands 
on SDS gels. Over a range of sample loadings of total pro- 
tein from whole nuclei, the ratio of stain intensity in the his- 
tone H4 band to intensity in the histone H5 band had a 
constant value of 2.4, while trinucleosome preparations 
gave a ratio of 2.9. This indicates that, compared with whole 
nuclei, the trinucleosomes were depleted in H5 by ~17%. 
This is similar to the 15% reduction of VLR histones in di- 
nucleosome fractions reported by Yao et al. (1990), and is 
probably due to their partial loss from the two end nucleo- 
somes. 

Imaging of Frozen Hydrated Oligonucleosomes 
Samples were applied to holey carbon films, cryoimmobi- 
lized by plunging into liquid ethane, and micrographs re- 
corded at -170°C (Bednar et al., 1994). A tilt pair of mi- 
crographs was recorded for each specimen area to retrieve 
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Figure 1. (a) Survey view of a trinucleosome fraction vitrified in a thin film of 5 mM NaCI. Some clearly defined trimers have been cir- 
cled. (b-f) Selected examples of images of frozen hydrated oligonucleosomes vitrified in 5 mM NaC1, illustrating the zig-zag structures 
formed by nucleosomes and linker DNA. Raw images are shown in the upper row, CTF corrected images in the lower row. (b) The two 
tilt images of a trinucleosome. (c-f) Tetra-, penta-, and hexa-nucleosome images. Bars, 50 nm. 

3-D information (Dustin et al., 1991). To obtain useful im- 
ages of the inherently low contrast, unstained vitrified oli- 
gonucleosomes, a nominal underfocus of  1.5-2.0 Ixm was 
used (Dubochet  et al., 1988), resulting in images such as 
those shown in Fig. 1, a and b-f. The determination of 3-D 
coordinates via stereology requires the identification of 
matched points of features in each image of the tilt pair. 
To avoid erroneous identification of features based on 
artefactual edges generated by the strong defocus, a CTF 
correction was applied (see Materials and Methods). Sup- 
pression of information beyond the first zero of the CTF 
resulted in a limiting resolution of 3.1 nm. The processed 
images (Fig. 1, bottom row), with a more accurately defined 
nucleosome envelope and lower background, were used 
for all image-based analyses. Unless noted, only single im- 
ages from the stereo pairs used for analysis are shown in 
the figures. 

The best image pairs yield the location and orientation 
of each nucleosome and the path of linker D N A  segments 
between them, from which a 3-D model such as that shown 
in Fig. 2 can be built. In cases where a complete linker path 
(L, Fig. 2) cannot be determined, useful information may 
be obtained from the 3-D center-to-center distance be- 
tween consecutive nucleosomes (cc, Fig. 2) and/or the dis- 
tance between linker entry-exit points (ee, Fig. 2). 

Chromatin Conformation in 5 mM NaCl 

Trinucleosomes are the simplest polymer containing a com- 
plete chromatosome. We have therefore examined frozen 

Figure 2. Trinucleosome model illustrating the measured param- 
eters. L, actual 3-D length of exposed linker, ee, 3-D distance be- 
tween linker ee sites, cc, 3-D distance center-to-center distance 
between consecutive nucleosomes, a, 3-D angle between entering 
and exiting linker segments, b, 3-D angle between consecutive 
nucleosome centers. 
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Figure 3. Trinucleosome morphology in 5 mM NaCI. (a-c) Three 
individual particles with nucleosomes in a range of orientations. 
Bar, 10 rim. (d-f) A solid model representation of the trinucleo- 
some shown in a viewed from different angles. The model illus- 
trates the single linker ee point at the center nucleosomes, and 
the extended linker DNA commonly observed at this ionic strength. 

hydrated trinucleosomes in some detail, concentrating on 
the morphology of the central nucleosome, the angle be- 
tween the two linker D N A  segments, and the length of the 
linkers. Fig. 1 b shows a tilt pair of micrographs obtained 
from a vitreous thin film of trinucleosomes in 5 mM NaC1, 
1 mM EDTA,  pH 7.5, and in Fig. 3, higher magnification 
views of three others are presented, together with model 
representations of one of them. As expected for freely sus- 
pended particles, many different views of trinucleosomes 
are obtained, and there appears to be no favored orienta- 
tion nor entrapment at either of the two air interfaces. In 
contrast to conventional EM where nucleosomes typically 
appear en face, the nucleosomal disks are seen in a variety 
of orientations. The disks have a mean diameter of ~11 
nm when viewed en face, and a thickness of ~ 6  nm when 
viewed on edge, in agreement with x-ray data (Richmond 
et al., 1984). 

In cases where the path of the linker DNA between the 
three nucleosomes is sufficiently clear to identify which 
nucleosome occupied the central position, the two linker 
segments typically converge at a single site on the nucleo- 
somal disk (Fig. 3). The distribution of included angles 
made by linker DNA segments at the center nucleosome 
(a, Fig. 2) is shown in (Fig. 4 a). The mean value of 56 ° 
(SD, 19 °) indicates that the average low salt trinucleosome 
conformation resembles an equilateral triangle with nucleo- 
some disks at the vertices. 

Distance between Nucleosomes 

From the stereo pairs, the 3-D distances L, ee, and cc (Fig. 
2) were determined (Table I). L is the length of a spline fit 
to measured points along the linker and the most accurate 
estimate of the length of exposed linker. Its mean value of 
48 bp (SD, 12 bp) is close to the expected value of 46 bp 
for chromatin with a 212-bp nucleosome repeat, of which 
166 bp is wrapped around the chromatosome (Simpson, 
1978). The somewhat shorter 3-D distance between linker 
entry-exit points (ee) may be due to linker DNA bending; 
however, the large standard deviations of these length 
measurements (see below) makes differences of 2 nm sta- 
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tistically insignificant. The center-to-center distance be- 
tween nucleosomes (cc, Fig. 2) provides the least direct es- 
timation of exposed linker length, since its use assumes 
that nucleosome centers and linker ee points lie on a straight 
line (see Fig. 2). For trinucleosomes at 5 mM NaC1, the 
c c - l l  value provides a rough approximation of the length 
of exposed linker. 

Lengths of  the Two Linkers of  a Trinucleosome Are 
Strongly Correlated 

Linker lengths (L) ranged from 7.1 nm (~21 bp) to 23.8 nm 
(~70 bp), consistent with the .~65-bp span of trimmed di- 
nucleosomes reported by Prunell and Kornberg (1982) for 
rat liver chromatin. There is a strong correlation (r 2 = 0.85) 
between the lengths of the two linker DNA segments of 
trinucleosomes (Fig. 5). Since the material was never ex- 
posed to conditions that favor octamer sliding (Pennings 
et al., 1991, 1994), it is unlikely that this result is due to the 

Table I. 3-D Lengths Measured from Tilt Pairs of Frozen 
Hydrated Trinucleosomes Vitrified in 5 and 20 mM NaC1 

Mean 3-D Base pair Number of 
NaCI concentration Parameter distance equivalent measurements 

mM nm 

5 L 16.2 SD 4.1 48 20 
5 ee 14.4 SD 4.1 42 28 
5 cc 28.5 SD 6.7 - 38 
5 c c - l l n m  17.5 51 38 

20 L 15.2 SD 1.5 45 10 
20 ee 13.6 SD 4.0 40  22 
20 cc 25.0 SD 5.7 - 22 
20 c c - l l  nm 14.0 41 22 

The parameters L, actual length of exposed linker DNA, ee, distance between linker 
entry-exit sites, and cc, center-to-center distance between consecutive nucleosomes 
represent three different methods of estimating the 3-D length of exposed linker DNA, 
and are defined graphically in Fig. 2. For the bp equivalent, initial measurements in 
nm have been converted assuming 1 bp = 0.34 nm. 
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Figure 5. Corre la t ion  be tween  the 3-D lengths of  the  two ex- 
posed  linker DNA segments (L, Fig. 2) of trinucleosomes vitri- 
fied at 5 mM NaCI expressed as base pairs (bp). Although there is 
a wide range of linker lengths (~50 bp), they are strongly corre- 
lated (r 2 = 0.85) in individual trinucleosomes. 

postdigestion centering of the middle nucleosome. In the 
absence of sliding, the observed correlation indicates that 
consecutive nucleosomes tend to have similar linker lengths, 
a conclusion also suggested by analysis of mononucleoso- 
mal D N A  length distributions (Todd and Garrard, 1979). 

Removing Histones HI and H5 Changes 
Chromatosome Morphology 

Trinucleosomes were also examined in the frozen hydrated 
state after removing most of the V L R  histones with 0.6 M 
NaC1. SDS gel analysis of the remaining proteins con- 
firmed that only a trace of V L R  histones was retained af- 
ter this treatment, and that the core histones were still 
present in equimolar amounts (not shown). After V L R  his- 
tone removal, trinucleosomes were much more variable in 
shape, with a wider range of included angles at the center 
nucleosome. Often, the two linker D N A  segments did not 
join the center nucleosome at the same site (arrowheads, 
Fig. 6); a more dramatic unwrapping of D N A  from the 
center  nucleosome was also seen in some cases (Fig. 6 ~ .  
These changes in chromatosome morphology are consis- 
tent with the role of the V L R  histones in stabilizing the 
two turns of chromatosomal D N A  (Allan et al., 1980), 
with the observed loss of a zig-zag chromatin morphology 
after V L R  histone removal (Thoma and Koller, 1977), and 
with the H5-dependent  morphology of nucleosomes re- 
constituted onto small D N A  circles (Zivanovic et al., 1990). 

Another  feature common among V L R  histone-depleted 
trinucleosomes, but rarely seen in images of complete tri- 
nucleosomes, is the presence of a linker D N A  fragment 
extending from one of the outer nucleosomes (Fig. 6, ar- 
rows). These fragments have a mean length of 43 bp (SD, 
15 bp; N = 14), close to the mean linker length (45 bp; SD, 
11; N = 14) between nucleosomes in the same trinucleo- 
somes. It is unlikely that these end fragments resulted from 
sliding of the outer nucleosome, as this would produce a 
concomitant reduction in the adjacent internucleosomal 
distance. 

Morphology of Higher Oligonucleosomes 
The solution conformation of polynucleosomes at 5 mM 

Figure 6. Gallery of trinucleosomes depleted in VLR histones 
and vitrified in 5 mM NaC1. For a-f, the raw images are shown 
above, and the CTF-corrected images below. In b, c, and e, linker 
DNA segments join the center nucleosome at separate sites (ar- 
rowheads), and a, d, and fshow linker fragments emanating from 
one of the outer nucleosomes (arrows). More extensive unfolding 
of nucleosomal DNA is seen in f (asterisk). Two views of a solid 
model of the trinucleosome in e are shown in g and h. Bar, 50 nm. 

NaCI is a 3-D zig-zag structure, continuing the pattern de- 
scribed for the trinucleosome (Fig. 1, b-e). The zig-zag is 
not a flattened ribbonlike structure as seen by conventional 
microscopy (e.g., Rattner  and Hamkalo,  1978; Thoma et 
al., 1979), where nucleosomes are all seen en face due to 
adsorption to the substrate. 

Chromatin Conformation in 20 mM NaCl 

Both physical measurements on bulk samples and direct 
imaging show that the change in ionic conditions between 
5 and 20 mM monovalent  ions results in chromatin com- 
paction. For  trinucleosomes, the maximum sedimentation 
value is obtained at 20 mM NaC1 (Butler and Thomas, 
1980; Bates and Thomas,  1981). 

Representative images of frozen hydrated trinucleosomes 
equilibrated in 20 mM NaC1, 0.1 mM E D T A ,  pH 7.0, are 
shown in Fig. 7, one of which (Fig. 7 a) is presented as a solid 
model viewed from different directions (Fig. 7, d-j). While 
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Figure 7. Trinucleosome morphology in 20 mM NaC1. (a-c) The 
two linker segments tend to come together before joining the 
center nucleosome (arrowheads). In some cases (c), it is not pos- 
sible to determine which nucleosome is the center one. Scale is 10 
nm. (d-f) Views of a solid model representation of the trinucleo- 
some in a. 

the general morphology of trinucleosomes is similar in 5 
and 20 mM NaC1, there is a distinct change at the central 
nucleosome, where the two linker DNA segments tend to 
converge 5-10 nm distal to the nucleosomal disk at the 
higher ionic strength. This change is accompanied by a sig- 
nificantly (P < 0.05) smaller included angle of 39 ° (SD, 9 °) 
at 20 mM NaCI than at 5 mM. Comparison of the angle 
data (Fig. 4) shows that the 17 ° change in mean-included 
angle is due to a reduction in the range of angles at 20 mM 
NaC1 in addition to a small shift in the overall distribution. 
The minimum included angles are very similar at both ionic 
strengths. Thus the compaction of trinucleosomes that re- 
suits in an increased sedimentation velocity (Butler and 
Thomas, 1980; Bates and Thomas, 1981) and translational 
diffusion coefficient (see below), occurs by a reduction in 
the mean angle between the two linker segments, effectively 
bringing the two outer nucleosomes closer to each other. 
This mode of compaction is also observed in tetra- and 
pentanucleosomes (not shown). 

Internucleosomal Distance Does Not  Change between 5 
and 20 m M  NaCl 

The mean distance between consecutive nucleosomes in a 
trimer does not change significantly between 5 mM and 20 
mM NaC1. As shown in Table I, both the actual lengths of 
exposed linker, and the 3-D distance between linker ee 
points are very similar at these ionic strengths. This obser- 
vation is at variance with a recent series of publications by 
Yao et al. (1990, 1991, 1993) reporting that dinucleosomes 
from chicken erythrocytes showed an increase in transla- 
tional Dt over the 1-20 mM range of monovalent ions. The 
Dt increase was correlated with a substantial reduction of 
internucleosomal distance as measured from electron mi- 
crographs of stained, glutaraldehyde (GA)-fixed material, 
and did not require the presence of VLR histones (Yao et 
al., 1991). The conclusion was that dinucleosomes were 
subject to salt-induced compaction, and that the compac- 
tion process occurred through linker coiling. 

The disparity between these results and the trinucleo- 
some data described above prompted an examination of 
frozen hydrated dinucleosomes. Representative images of 

Figure 8. Dinucleosome morphology in 20 mM NaC1. (a-c) Fro- 
zen hydrated images appear similar to those of trinucleosomes 
(Fig. 7), and in favorable views, the two turns of DNA are seen 
(arrowheads, b). In contrast, conventional EM images of stained 
preparations (d-f) show both nucleosome disks en face, and are 
less informative structurally. In most cases, the nucleosomes are 
closer together in conventional EM preparations. Bar, 10 nm. 

vitrified dinucleosomes recorded in 20 mM NaC1, 0.1 mM 
EDTA, pH 7.0, are shown in Fig. 8, a-c. In frozen hy- 
drated preparations, the linker clearly remains extended. 
The mean center-to-center distance between nucleosomes 
is 30.3 nm (SD, 5.1 nm), indicating a minimum exposed 
linker length of 57 bp (Fig. 9), considerably longer than 
the expected value of ~46 bp for this chromatin, and sug- 
gesting that the linker must include some DNA unwound 
from the chromatosome. We also examined di- and trinu- 
cleosomes in 20 mM NaC1 by conventional EM after ad- 
sorption to a carbon substrate and staining (Fig. 8, d-f). 
These had a very different distribution of morphologies 
from the frozen hydrated preparations. The nucleosomes 
were usually seen en face, and the mean center-to-center 
distance was equivalent to an exposed linker 14 bp in 
length (Fig. 9). In ~25% of the particles, the two nucleo- 

Figure 9. Distribution of internucleosome distances (cc, Fig. 2) in 
frozen hydrated dinucleosomes (open bars), and conventionally 
prepared dinucleosomes (hatched bars). 
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Figure 10. Translational Dts for dinucleosomes (closed symbols) 
and trinucleosomes (open symbols) at different salt concentra- 
tions and in different buffer solutions (see Materials and Methods 
for details). Trinucleosomes show a significant salt-induced in- 
crease in Dt indicating compaction of these particles. In contrast, 
no significant change in Dt is observed for dinucleosomes. For 
two of the dinucleosome preparations, Dt values were remea- 
sured after fixation in 0.1% glutaraldehyde for 24 h (+GA), and 
found not to change significantly. Error bars show one SD. Also 
included are data reported by Yao et al. (1991) for dinucleosomes 
containing VLR histones (star symbols). -A-, Dimer-Tris; -4~,  
Dimer-EDTA; -I1-, Dimer-Pipes; -O- ,  Trimer-EDTA; -[3-, 
Trimer-Pipes; -*-, from Yao et al., 1991. 

some disks were touching (Fig. 8 d). Dinucleosome mor- 
phology was similar in preparations stained with ethanolic 
phosphotungstic acid or aqueous uranyl acetate (not shown). 

Dynamic light scattering was used to obtain translational 
Dt values of dinucleosomes for a range of ionic strengths, 
and in three different buffer solutions including the Tris 
buffer used by Yao et al. (1990, 1991). Dinucleosome frac- 
tions were dialyzed into the desired buffer, centrifuged to 
remove any large particulate matter, and light scattering 
data collected (Fig. 10). While the initial Dt values of 2.2 
cm2/s × 107 are similar to those reported by Yao et al. (1990) 
for dinucleosomes in 2.5-mM monovalent ions, there is no 
significant change in Dt between 2.5 and 20 mM NaC1 for 
any of the three solvents. Trinucleosomes do, however, 
show a significant Dt increase between 5 and 20 mM NaC1 
(Fig. 10). 

To determine whether aldehyde fixation produced a 
change in the compaction state, GA was added to some 
samples in 20 mM NaC1 immediately after Dt determina- 
tion, and a second set of readings taken after 24 h at 4°C. 
Fixation of dinucleosomes produced only a small change 
in mean Dt value (Fig. 10), unlikely to account for the dif- 
ference in morphology we observed between frozen hy- 
drated and fixed and stained dinucleosomes. Based on the 
present evidence, it seems most likely that dinucleosomes 
incur an altered conformation during the processes of ad- 
hesion to the support film, and/or air drying, accounting 
for the differences between our data from frozen hydrated 
images and those of Yao et al. (1990, 1991) using conven- 
tional EM. The differences between our Dt measurements 
and those of Yao et al. (1990) are unlikely to be due to a 

loss of VLR histones, as Yao et al. (1991) reported identi- 
cal Dt changes in dinucleosomes stripped of VLR his- 
tones. 

Chromatin Conformation above 20 mM NaCl 

Sedimentation studies suggest that an additional mode of 
compaction occurs in hexanucleosomes and higher oligo- 
mers above 20 mM NaC1 (Butler, 1988). Whereas the 
smaller oligomers (3-5 nucleosomes) show no increase in 
sedimentation velocity (S) above ~20 mM NaC1, the S value 
of larger chromatin particles continues to increase. To de- 
termine the morphological basis of this change, we exam- 
ined oligonucleosomes in the frozen hydrated state at 5 
and 40 mM NaC1. 

Cryoelectron microscopy at ionic strengths above ~20 
mM monovalent ions is complicated by the tendency of 
nucleosomes to dissociate, a phenomenon that is not un- 
derstood, but appears to be related to the attraction of 
chromatin to the air solvent interface where surface dena- 
turation may occur. It is most unlikely that the observed 
dissociation is caused by an artifactual elevation of salt to 
the ~1.0 M concentration required for histone-DNA dis- 
sociation in solution. Although evaporation of water from 
thin films is a concern in cryoelectron microscopy (Dubo- 
chet et al., 1988), studies examining the phenomenon in 
detail suggest that under the controlled humidity condi- 
tions used here, the effect is minimal (Bellare et al., 1988; 
Cyrklaff et al., 1990). The artifact can be prevented by pre- 
fixing with GA (as is necessary for conventional EM of 
chromatin), but the fixation process itself could produce 
changes in conformation. To address this issue, trinucleo- 
somes were prefixed in 5 and 20 mM NaC1, vitrified, exam- 
ined in the frozen hydrated state, and the images analyzed 
as described above. We were unable to detect any signifi- 
cant qualitative or quantitative differences between the fixed 
and unfixed material at these ionic strengths (not shown), 
suggesting that, within the resolution limits of our method- 
ology, prefixation does not cause measurable changes in 
oligonucleosome morphology. 

Polynucleosomes were adjusted to 5 or 40 mM NaC1, 
fixed with glutaraldehyde as described, and vitrified prep- 
arations made. In agreement with sedimentation data, tri- 
nucleosomes have the same triangular conformation at 40 
mM NaC1 as at lower ionic strengths (Fig. 11 a), whereas 
with larger polynucleosomes a response to increased salt is 
observed. At 5 mM NaC1, larger polynucleosomes appear 
in a 3-D zig-zag conformation (Fig. 1, c-f), and the in- 
cluded angle between three consecutive nucleosomes is 
the same as that observed in trinucleosomes at that ionic 
strength (data not shown). Polynucleosome conformation 
in 40 mM NaC1 is illustrated in Fig. 11, b-d. Individual nu- 
cleosomes are usually well-resolved in the frozen hydrated 
preparations, although the additional compaction results 
in superposition and overlap of structures in the z direc- 
tion that limits the analysis of many images. In contrast, in 
conventional EM preparations, polynucleosomes in 40 
mM NaC1 generally appear as an unresolved aggregate of 
nucleosomes (e.g., Thoma et al., 1979; Woodcock et al., 
1984). From a large population of polynucleosome images, 
cases where three or more consecutive nucleosomes could 
be identified were selected, and the internucleosomal an- 
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Figure 11. Morphology of oligonucleosomes in 40 mM NaCl. Al- 
though trinucleosomes (a) appear similar to those observed at 
lower salt concentrations, polynucleosomes (b-d) appear more 
compact than at lower ionic strengths. Bar, 30 nm. e is the CTF- 
corrected image of the polynudeosome shown in c, and f and g 
two views of its solid model representation. The polynucleosome 
in d has been similarly analyzed in h-]. Modeling reveals that a 
3-D zig-zag conformation is retained at 40 mM NaCl, with indi- 
vidual nucleosomes separated from each other in 3-D space. 
Comparison of fwith g and i with ] shows that the degree of com- 
paction cannot be estimated from a single view. 

gles measured. The mean value of 46 ° (SD, 11°; N = 28) is 
not significantly different from that of maximally com- 
pacted trinucleosomes at 20 mM (Fig. 4), but there is a de- 
crease in the center-to-center distance between nucleo- 
somes (mean 16.9 nm; SD, 4.2 nm; N = 67). In the subset 
of these images where linker paths could be analyzed (N = 
9), the mean linker length (L) is 15.8 nm, SD, 7.9 nm; cor- 
responding to ~46 bp DNA, and very similar to the length 
of exposed linker at lower ionic strengths (Table I). For 
these linker segments, the distance between ee is 13.2 nm, 
SD 4.3 nm, the straight line (ee) distance being N16% 
shorter than the actual linker path length. These linkers 
were extended between nucleosomes in a gently curved 
path. 

Model representations of two 40 mM NaC1 polynucleo- 
somes are shown in Fig. 11, f, g, i, and ]. The 3-D positions 
and orientations of each nucleosome were first deter- 
mined, as well as any clear linker paths, and linker ee sites. 
Putative linker DNA connections were then estimated, 
based on ee sites and allowable linker lengths. Putative 
linker DNA is shown as straight connections between nu- 
cleosomes, while observed linkers follow the actual path 
and are stippled. Examination of the models from differ- 
ent views (Fig. 11, f, g, i, and j) makes it clear that single 
projections can give very misleading impressions both of 
polynucleosome architecture and extent of compaction. 
The compact appearance of the polynucleosome shown in 
Fig. 11 b in which nucleosomes seem to touch one another 
is likely to be due to this effect. The models confirmed that 

at 40 mM NaC1, individual nucleosomes did not touch 
their closest neighbors. Further, there were no indications 
of face-to-face aggregations of nucleosomes, nor the incip- 
ient formation of solenoidal or other regular packing ar- 
rangements. 

Discussion 

Frozen Hydrated Imaging of  Chromatin 

Imaging in vitreous water has proven very advantageous 
for biological structure determination, and has been used 
successfully on a wide range of specimens (Adrain et al., 
1984; Stewart and Vigers, 1986; Dubochet et al., 1988, 1992; 
Wade and Chretien, 1993). The technique allows the ma- 
terial to be observed in an aqueous environment, and also 
prevents delicate material being flattened by adhesion to a 
support film and subsequent dehydration. Unfixed sam- 
ples can be vitrified successfully at 5, 10, and 20 mM NaC1, 
and the surface interactions that appear to distort nucleo- 
some morphology at higher ionic strengths can be pre- 
vented by mild fixation. Comparison of fixed and unfixed 
chromatin fragments at 20 and 5 mM NaC1 suggests that 
any fixation-induced changes are below the resolution of our 
frozen hydrated images. A similar conclusion was reached 
from studies of frozen hydrated sections of nuclei (Wood- 
cock, 1994), and a detailed x-ray study of isolated chroma- 
tin fibers also found that fixation produced minor changes in 
scattering within the fibers (Williams and Langmore, 1991). 

Images of frozen hydrated polynucleosomes are much 
more informative than those produced by conventional EM. 
In addition to the preservation of the 3-D solution confor- 
mation, the absence of heavy metal staining produces in- 
herently higher resolution (compare Fig. 8, a-c and d-f'). 
This allows the trajectory of both nucleosomal and linker 
DNA to be mapped with greater precision than heretofore. 
Less information is provided about the histone core, which 
is contrasted much more weakly than DNA. 

The Solution Conformation of  Chromatin Is an 
Irregular 3-D ZigZag 

In the presence of VLR histones, nucleosome-linker DNA 
units adopt a 3-D zig-zag structure, the key elements of 
which are chromatosome architecture and extended linker 
DNA. Cryoelectron microscopy provides the clearest im- 
ages to date of the path of linker DNA as it enters and ex- 
its the nucleosome (Figs. 1 and 3). At low salt (5 mM 
NaC1), the entering and exiting linker D N A  segments join 
the nucleosome disk at the same location (Figs. 1 and 3), 
with a mean included angle of 56 ° (Fig. 4). In no instances 
have we observed a linear beads on a string conformation 
or a stacked face-to-face arrangement of nucleosomes. The 
present data on material that is neither fixed nor attached 
to a flat substrate confirms that, in solution, chromatin is 
folded in a 3-D zig-zag conformation. 

Salt-induced Compaction 

Developing a complete description of salt-induced chro- 
matin compaction in vitro is an important step in under- 
standing the behavior and properties of chromatin in the 
physiological ionic strengths present in the living nucleus. 

Bednar et al. Chromatin Compaction 1373 



At one level, the combination of charge shielding and neu- 
tralization provides an effective description of the electro- 
static interactions that dictate the compaction state of chro- 
matin (Clark and Kimura, 1990). While this theory does 
not address the critical details of nucleosome-linker DNA 
arrangements, the extensive literature on chromatin com- 
paction in solution documents several phenomena with a 
direct bearing on these issues. Although compaction may 
occur in the absence of VLR histones (Hansen et al., 1989; 
Garcia-Ramirez et al., 1992), only in the presence of these 
histones is the zig-zag morphology observed, and the end 
product fiberlike (Thoma et al., 1979; Allan et al., 1982). 
By dictating the structure of the chromatosome, the VLR 
histones establish a basic chromatin architecture upon which 
compaction acts. The low salt zig-zag conformation is de- 
pendent on the globular and COOH-terminal domains of 
the VLR histones (Thoma et al., 1983; Losa et al., 1984; 
Allan et al., 1986), and on the NH2-terminal domains of 
the core histones (Allan et al., 1982; Garcia-Ramirez et al., 
1992). 

Sedimentation and light scattering studies show that the 
extent of compaction depends on the size of the polynu- 
cleosome fraction (Butler and Thomas, 1980; Marion et 
al., 1981): dinucleosomes do not compact in response to 
salt, small oligonucleosomes (N = 3 to ~5)  compact be- 
tween 1 and 20 mM monovalent ions, but do not change 
thereafter, and higher polynucleosomes (N = ~ 6 + )  com- 
pact over the entire 1-100 mM range. Cryoelectron mi- 
croscopy makes it possible to define the specific morpho- 
logical changes that give rise to these physicochemical 
phenomena. 

Chromatosome Conformation Changes 
in Response to Salt 

In the presence of VLR histones, key changes occur near 
the ee site of the linker DNA (Figs. 3 and 7). The mor- 
phology at 20 mM NaC1, where the two linker segments lie 
parallel to each other for 5-10 nm (Fig. 7) indicates that 
over this distance, the mutual repulsion of the two linker 
segments is counteracted. This could occur by a combina- 
tion of charge shielding by monovalent ions, and charge 
neutralization by VLR histones, perhaps mediated by the 
COOH-terminal domains (Allan et al., 1986). As a result, 
the mean internucleosomal angle is reduced (Fig. 4). For 
tri- and tetranucleosomes, further increases in ionic strength 
have no obvious morphological effects (Fig. 11 a), in ac- 
cordance with sedimentation (Butler and Thomas, 1980) 
and light scattering (Marion et al., 1981) measurements. 
Higher oligomers do, however, show increased compac- 
tion at 40 mM NaC1 (Fig. 11, b-d). 

What differences between trinucleosomes and polynu- 
cleosomes account for this change? We can now rule out 
the explanation that a hexanucleosome allows a complete 
turn of a helical chromatin fiber to be formed (Butler and 
Thomas, 1980; Butler, 1988). Frozen hydrated images show 
no signs of incipient helix formation, nor the face-to-face 
nucleosomal contacts required for this type of architec- 
ture. On the contrary, nucleosomes remain separated from 
each other in 3-D space in 40 mM NaC1. A similar conclu- 
sion was reached from tomographic analyses of chromatin 
fibers in situ (Horowitz et al., 1994). The absence of close 

contacts between nucleosomes is also consistent with a 
number of chemical cross-linking studies showing very lit- 
tle change in histone-histone contacts (Lennard and Tho- 
mas, 1985; Hardison et al., 1977) or his tone-DNA contacts 
(Bavykin et al., 1986) between chromatin in its native 
compact state, and after low salt dispersal. The principal 
change observed by cryoelectron microscopy at 40 mM 
NaCI is an N15% reduction in the distance between con- 
secutive nucleosomes. 

The molecular events that give rise to these salt-induced 
changes are not known. However, Bavykin et al. (1986) 
suggested on the basis of nuclease protection and D N A -  
histone cross-linking experiments that salt-induced compac- 
tion is accompanied by a migration of histone H1 from its 
location at the linker ee site to the linker proper. Such a 
rearrangement is consistent with our observations of sub- 
tle morphological changes at the linker ee sites in polynu- 
cleosomes at 40 mM NaC1, and merits further detailed study. 

Returning to the question of why trinucleosomes should 
differ from higher oligomers in their response to salt, we 
note that although trinucleosomes incorporate a complete 
chromatosome, they may not contain a complete nucleo- 
some-linker DNA unit. The center nucleosome has two 
linker DNA segments for VLR histone interaction, but the 
two outer nucleosomes do not, and this may lead to a dif- 
ferent mode of VLR histone binding, especially if there is 
a significant interaction of the NH2- and COOH-terminal 
domains with linker DNA. In this sense, the pentanucleo- 
some is the smallest oligomer with one complete nucleoso- 
mal unit, and it is possible that a complete unit of this na- 
ture is required for the full salt response seen in higher 
polynucleosomes. 

Recently, Hayes and Wolffe (1994) reconstituted histone 
octamers and the globular domain of histone H5 (GH5) 
onto a defined 168-bp sequence containing a strong nu- 
cleosome positioning sequence, and mapped the H5 con- 
tact sites. They concluded that GH5 was bound asymmet- 
rically, and suggested that its primary effect was to bend 
DNA toward the histone octamer: the change in DNA 
path, rather than the direct effect of GH5 conferred the 
additional protection from micrococcal nuclease charac- 
teristic of the chromatosome. This model of the chromato- 
some suggests that the entering and exiting linker DNAs 
should leave tangentially from about the same location on 
the circumference of the nucleosome (Hayes and Wotffe, 
1994), thus making an included angle of about 180 °, rather 
than the ~60 ° observed in frozen hydrated preparations. 
Although the globular region of the VLR histones is suffi- 
cient to reconstitute the nuclease protection characteristic 
of the chromatosome, it requires the complete molecule to 
recover the zig-zag chromatin conformation (Allan et al., 
1986). Until work on defined sequence reconstitutes is ex- 
tended to include longer DNA segments and complete 
VLR histone molecules, it will not be possible to assess 
fully its implications for chromatin in general. 

Compaction above 40 mM NaCl 

Sedimentation data show that for the higher polynucleo- 
somes (N = ~ 6 + ) ,  there is a straight line relationship be- 
tween log (S) and log (I) between 5.0 and 120 mM NaCl 
(Butler and Thomas, 1980; Bates et al., 1981), suggesting 
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that the compaction process is continuous over this salt 
range, without major changes in chromatin architecture. 
Conventional EM suggests that, at 40 mM NaC1, the low 
salt zig-zag morphology of isolated polynucleosomes has 
already condensed to the ultimate fiberlike conformation 
(Thoma et al., 1979; Woodcock et al., 1984). Although it 
will be important to extend our cryoelectron microscopy 
studies to higher salt concentrations, it is unlikely that this 
will reveal a major change in chromatin architecture, such 
as would be needed to convert a zig-zag structure to a heli- 
cal solenoid. Preliminary studies of frozen hydrated poly- 
nucleosomes in 80 mM NaC1 support this prediction. 

Conclusions 

The solution conformation of isolated polynucleosomes is 
seen by cryoelectron microscopy to be an irregular 3-D 
zig-zag, a conclusion also reached from an analysis of im- 
ages obtained by scanning force microscopy (Zlatanova et 
al., 1994). This type of architecture appears to be consis- 
tent with physical measurements on isolated polynucleo- 
somes (van Holde and Zlatanova, 1995). Irregular zig-zag 
structures are also generated from polynucleosome mod- 
els in which nucleosome orientation is dictated by linker 
length (Woodcock et al., 1993; Leuba et al., 1994). Cryo- 
electron microscopy provides the means to test the basis 
of these models by examining the solution conformation 
of polynucleosomes reconstituted onto defined D N A  se- 
quences (Simpson et al., 1985). 

Such observations are not limited to polynucleosomes in 
solution, or simulations thereof. A 3-D zig-zag has been 
observed in situ in tomographic reconstructions of chicken 
erythrocyte and starfish sperm nuclei (Horowitz et al., 
1994). Further support for this type of architecture in situ 
has been obtained from observations of pyrimidine dimer 
formation in isolated nuclei (Pehrson, 1995). 

As discussed in detail elsewhere (Woodcock and Horo- 
witz, 1995), abandoning symmetry-based chromatin fold- 
ing has several conceptual advantages. Difficulties with 
helical models, such as the reconciliation of solenoidal ar- 
chitectures with variable linker lengths (Felsenfeld and 
McGhee, 1984; Butler, 1984) disappear. More importantly, 
the plasticity of a dynamic, continuously variable 3-D zig- 
zag is fully consistent with the variety of structural and 
functional forms of chromatin. 
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