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ABSTRACT Little is known about the mechanisms that organize linear arrays of nucleosomes into the three-dimensional
structures of extended and condensed chromatin fibers. We have earlier defined, from scanning force microscopy (SFM) and
mathematical modeling, a set of simple structural determinants of extended fiber morphology, the critical parameters being
the entry-exit angle between consecutive linkers and linker length. Here we study the contributions of the structural domains
of the linker histones (LHs) and of the N-terminus of histone H3 to extended fiber morphology by SFM imaging of
progressively trypsinized chromatin fibers. We find that cleavage of LH tails is associated with a lengthening of the
internucleosomal center-to-center distance, and that the somewhat later cleavage of the N-terminus of histone H3 is
associated with a flattening of the fiber. The persistence of the “zigzag” fiber morphology, even at the latest stages of trypsin
digestion, can be attributed to the retention of the globular domain of LH in the fiber.

INTRODUCTION

Much is now known concerning the structure of the nucleo+egularity. We have suggested that the term “30-nm fiber”
some, the fundamental repeating unit of eukaryotic chromabe abandoned as a designator for the more condensed,
tin (van Holde, 1988; Tsanev et al., 1992). In the corehigh-salt structure and that the latter should be called the
particle of the nucleosome, 146 bp of DNA is wrapped in“condensed” or “compact” fiber (van Holde and Zlatanova,
~1.65 left-handed superhelical turns around an octameri¢995), to distinguish it from the more “extended” fiber
complex consisting of two molecules of each of the coreobserved at lower ionic strength. In terms of biological
histones H2A, H2B, H3, and H4 (Luger et al., 1997). relevance, studies of the structures of the more extended
Successive core particles are connected by stretches fgrms of the chromatin fiber—the kinds of conformation
linker DNA to which members of the fifth major histone needed for “reading” processes—may be of greater impor-
class, the so-called lysine-rich or linker histones, are boundance than understanding the structure of the inert, con-
How this linear array of nucleosomal particles is organizedjensed fiber.

in the nucleus remains an enigma. During the first decade Not only are the exact morphologies of the extended and
after the discovery of the nucleosome, the literature wagondensed fibers uncertain, but very little is known about
flooded with specific models attempting to describe thethe molecular mechanisms that organize the linear array of
so-called 30-nm fiber structure observed at physiologicahycleosomes into three-dimensional fibers. Our previous
salt concentrations (for a review, see van Holde, 1988yyork used the newly developed technique of scanning force
Tsanev et al., 1992). Almost all proposed models for thémicroscopy (SFM). This technique allows imaging of bio-
“30-nm fiber” have been based on the idea of regularity ofiggical macromolecules and structures in ambient condi-
structure. We have recently shown that the fiber has a venjons, without staining or shadowing, in air or under liquids
similar diameter, albeit a more extended structure, evepgystamante et al., 1993, 1994: Bustamante and Keller,
under low-salt conditions (Leuba et al., 1994a). We (Leuba gg5)  From SFM images of native and linker histone-
et al., 1994a; Yang et al., 1994; van Holde and Zlatanovagepjeted chromatin fibers in air and mathematical simula-
1995) and others (Woodcock et al., 1993; Horowitz et al.4ions of such fibers, we proposed a set of structural param-
1994; Woodcock and Horowitz, 1995) have presented eVigiarg that determine extended fiber morphology. Two of
dence suggesting that the fiber has only limited regions of},oqe parameters—the entry-exit angle of DNA in and out

of the core particle, and the variable length of the DNA
linker—have also been recognized as determinants of fiber
Received for publication 23 December 1997 and in final form 17 Marchmorphology from modeling studies combined with electron
1998. microscopy (EM) (Woodcock et al., 1993). Moreover, we

Address reprint requests to Dr. Jordanka Zlatanova, Department of Biof,rther Suggested that a major role of linker histones is to
chemistry and Biophysics, Oregon State University, Corvallis, OR 97331-___. - i -
7305. Tel.: 541-737-4581; Fax: 541-737-0481; E-mail: zlatalnoj@ucs.malntaln the entry-exit angle (Yang et al., 1994), consistent

orst.ed. with the presumed location of its globular domain at or near
Dr. Leuba's present address is Department of Physics and Astronomyn€ entry-exit site of the DNA at the nucleosome (Boulikas

Arizona State University, P.O. Box 871504, Tempe, AZ 85287-1504. et al., 1980; Allan et al., 1980).

© 1998 by the Biophysical Society Several questions regarding the molecular determinants
0006-3495/98/06/2823/07  $2.00 of chromatin fiber structure remain. In particular, is it the




2824 Biophysical Journal Volume 74 June 1998

central globular domain of the linker histones, or their lessSFM imaging, chromatin was fixed in 0.1% glutaraldehyde overnight
organized basic N- and C-terminal tails (reviewed in Zla-(Thoma etal., 1979).

tanova and van Holde, 1996), or both that are responsible

for maintaining the entry-exit angle? What is the role, if . .

any, of the core histone tails in the three-dimensional Orga'_l'rypsm hydrolysis
nization of the low-ionic-strength fiber? The core histoneChromatin fibers were hydrolyzed by immobilized trypsin (Sigma type
tails do not participate in the structure of the core particle,x”') as described by Zlatanova et al. (1995) and Leuba et al. (1993).

. Aliquots were removed at the indicated times and analyzed by both sodium
but rather protrude (Van Holde, 1988; Luger et al., 1997)'dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) (Lae-

These tails h"flve bee.n implicated in promoting nUCIEO_50merT1mIi, 1970) and SFM. Mock-digested fibers (no membrane with immo-

nucleosome interactions, and have been shown to interastized trypsin present in the chromatin solution) did not show detectable

with linker DNA and linker histones (for further discussion histone degradation, even after 24 h of incubation.

and references. see van Holde and Zlatanova 1996). If the To determine whether trypsinized LH globular domain remained bound

were full exten,ded some of the tails could s ém rather lon tg chromatin, the trypsinized sample was placed in a Centricon 100 tube

. y T . . p . géAmicon, Beverly, MA) and centrifuged for 30 min at 1000 g. Two

distances, creating 9pp0rtun|t|es for mterapﬂons W'_th othekiliiliters of 5 mM triethanolamine (pH 7.0) was added and Centricon-

components of the fiber. Moreover, core histone tails seengentrifuged for 30 min. The washing step was repeated three times before

to be involved in the salt-induced compaction of the ex-the high-molecular-weight chromatin was resuspended in 0.5 ml of buffer,

tended Iow-ionic-strength fiber. In fact. older papers reporland analyzed by SDS-PAGE. Control Centricon 100 tubes containing only
P . ’ 1pure LHs were run in parallel.

changes in physical parameters of the condensed chromatin

fiber upon proteolytic removal of these tails (Chatterjee and

Walker, 1973; Saccone et al., 1983; Marion et al., 1983a,bScanning force microscopy and

Makarov et al., 1984; Hacques et al., 1990). Allan et al.quantitation of images

(1982) have shown that polynucleosomes that contain core o _ . _

Twenty microliters of glutaraldehyde-fixed chromatin was deposited for 1

histon void of th ils remain ntially uncon-
stones devoid of the tails remain substantia y unco min on a freshly cleaved mica surface. The mica was rinsed with 10 drops

d,en.SEd !n hlgh salt, even in the presencg of histone H]Uf Nanopure (Barnstead, Dubuque, 1A) water, and the visible liquid was
Similar findings were reported for reconstituted nucleoso~emoved by a 15-s flow of nitrogen gas. Tapping-mode SFM (Digital
mal arrays in the absence of histone H1 (Garcia-Ramirez gtstruments, Santa Barbara, CA) was performed as in Leuba et al. (1994a).
al., 1992; Fletcher and Hansen, 1995; Schwarz et al., 1996%FM images were transferred to ALEX, an image analysis program written
We have approached these questions by combining th Mark Young and Claudio Rivetti in Matlab (MathWorks, Natick, MA)

. . biliti f SEM with L fisol d or use on the Indigo workstation (Silicon Graphics, Mountain View, CA).
Imaging capabilities o with trypsinization of isolate (ALEX source code can be obtained via ftp through the internet at alice.

long chromatin fibers under extremely mild conditions, yoregon.edu.) The three-dimensional coordinates of the center of the top of

using immobilized trypsin. The fiber structures were im- each nucleosome in the fiber were determined, following the path of the

aged in an SFM operated in the tapping mode (Leuba et alfiber. When the order of successive nucleosomes was not cIear,_the shortest

1994a)_ These images were then quantitatively CharacteP-ath was chosen. Independent measurements performed on different days

. . . on the same set of images gave practically identical results. From the

ized by extensive measurements of internucleosomal centek;iee_gimensional coordinates it was straightforward to determine the

to-center distances, fiber heights, and the angles formed bygights of nucleosomes in the fibers, the center-to-center distances of

lines connecting three successive nucleosomal centersuccessive nucleosomes, and the angles formed by lines connecting the

These will hereafter be referred to as internucleosomagenters of three successive nucleosomes in the fibers. Given coordinates

angles; they are obviously closely related to, but not iden{Xw v ZJ and &, Yz Z;) of two adjacent nucleosomes, the center-to-

. . . . center distance was calculated by

tical to, the entry/exit angles between successive linkers.

SFM imaging allows us to obtain such structural data at the Di,= V/[(xl — X2 + (Y, — Yo)2 + (Z, — Z,)7]

single-fiber level, a great advantage over the population-

average information provided by other physical methods. Given coordinatesXy, Y1, Z,), (X, Y2, Z,), (X5, Y5, Z) of three sequential
We find that 1) cleavage of linker histone (LH) is asso- Inucle?som_es, the internucleosomal angle,() was calculated from the

ciated with a lengthening in the internucleosomal center-to- oo

center distance, 2) the somewhat later cleavage of H3 tails [(Dy, 2%+ (Dy39)? — (D197

correlates with an apparent loss of the three-dimensional cosfy29 = (2D, ,D, 2

organization of the fibers, and 3) with core histones H4, o

H2B, and H2A intact, and the globular domain of LH still The maximum angle measured was 180°; for example, 90° and 270° were

present the fibers still maintain a zigzag organization both taken to be 90°. Center-to-center distances, heights, and angles were
’ ’ also measured with the original software of the scanning force microscope,

with results similar to the ones determined in ALEX (data not shown).

MATERIALS AND METHODS
Preparation and fixation of chromatin RESULTS

Chicken erythrocyte chromatin was prepared as in Yager et al. (1989), wit8FM imaging and measurements

a decrease in the amount of micrococcal nuclease used to allow isolation of . . .

longer fibers (Leuba et al., 1994b). Soluble chromatin was dialyzed versu$FM Uses a sharp tip at the end of a flexible cantilever to

5 mM triethanolamine-HCI (TEA-HCI) (pH 7.0) and stored on ice. For scan and sense the topography of a sample deposited on a
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FIGURE 1 Scheme illustrating the measurements
performed on experimental SFM images. Centers of
consecutive nucleosomes in a fiber are marked by con-
secutive computer mouse clicks which record bty

position and heightZ) of the top of the nucleosomal
image. The three-dimensional coordinates of these cen
ters are used to determine center-to-center distance
angles formed by lines connecting the centers of threef
successive nucleosomes, and fiber heights according to
the formulae given in the text. Image is 500 500
nm in size. Heights are indicated by varying shades of |
color, with low regions in reddish purple and higher
regions in increasingly lighter tones of reddish purple, in |+
a range of 0—-15 nm.

flat surface (Binnig et al., 1986), usually mica or glass. In A number of control experiments were performed to
the tapping mode of operation, the cantilever is oscillatedevaluate the effect of fixation. First, when isolated di- or
near its resonance frequency as the sample is scanned latinucleosomal particles were imaged, no morphological
erally (Bustamante and Keller, 1995). The effect of thedifference was seen between native and fixed material (data
sample is to reduce the amplitude of oscillation. This signahot shown). Moreover, actual measurements of the three
is used in feedback to keep the reduction in amplitudestructural parameters in the trinucleosomes—internucleoso-
constant during scanning. Tapping mode operation demal distances, angles, and heights—did not indicate any
creases the pressure on the sample and virtually eliminatesatistically significant differences between fixed and un-
shear forces, thus reducing the molecular motion and defoffixed particles. Finally, when long chromatin fibers were
mation that often occur in contact mode operation. fixed and imaged at low ionic strength, the only change
As mentioned above, SFM has several important advanebserved as a result of fixation was a slight compaction,
tages over more classical imaging techniques, like EM.
Even when imaging is performed in air, at room temperature
and humidity, the sample preserves a layer of liquid water

(Grigg et al., 1992; Hu et al., 1995); thus extensive damag time of trypsin hydrolysis (min)
due to drying is avoided. IR N

SFM imaging can be performed on unfixed, native chro- 5:;{7 o »h PONOO SO ©
matin fibers (Leuba et al., 1994a). For the purposes of the - 8

present work, however, we used glutaraldehyde-fixed ma 5 R _ -+ o
terial, which consistently showed higher image quality and H5 —
reproducibility than unfixed fibers (see Leuba et al., 1994a,

for a comparison of SFM images of unfixed and fixed H3

chromatin fibers). Fixation may also decrease sample corngB\: E_p-l
pliance and reduce tip-induced deformation and depositi0|H2A‘/_ _ -_GH5/
artifacts, which may be different in differently prepared H4' GH1

unfixed fibers. This is an important criterion when one is
attempting to go_mpare morph()l()gles_ of macr(_)mmec_u_laii:IGURE 2 Example of SDS-PAGE of histone products of trypsin hy-
complexes, for it is conceivable that differences in stabilityrolysis of chicken erythrocyte chromatin fibers. Trypsin hydrolysis was
upon deposition could be incorrectly interpreted as differ-performed as described (see Materials and Methods). Aliquots of the
ences in solution conformation. Glutaraldehyde fixationhydrolyzed fibers were examined at the time points indicated in the figure.
seemed the method of choice for maximally preserving thé’he p_o:_;|t|ons c_)f intact h|stones_ are marke_:d on the S|de_of th_e markgr lane
. . . . . containing undigested chromatin. The main product of digestion of histone
solution structure as it eXIStS_ durmg the fixation StepH3, produced by trypsin cleavage at amino acid residue 20, migrates just
(Thoma et al., 1979; De Murcia and Koller, 1981; RUS- apove histone H4 and is marked as P1H{Boand Crane-Robinson, 1984);
sanova et al., 1987; Leuba et al., 1994a). the products of digestion of histones H1 and H5 are marked as GH1/GH5.
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expressed as somewhat shorter internucleosomal distancedfect the quantitative analysis of more three-dimensional
and somewhat greater heights (see also below). Howevefipers. However, we emphasize that it is the change in
these differences were generally much smaller than thparameters, rather than their absolute values, that is of
structural changes observed in the actual experiments, amtimary concern in this study. Moreover, if any subjective
therefore did not complicate the interpretation of the resultsselection of somewhat more extended fibers took place
The inferences from the appearance of the different strucduring the data analysis, it would have tended to underes-
tures studied were corroborated by measurements and sti@mate rather than overestimate the differences between flat
tistical analysis of fiber parameters (Fig. 1). The center ofand three-dimensional structures.
each visible nucleosome in the fiber was assigkged, and The second point concerns the physical meaning of the
Z coordinates, and these were used as input data in softwameasured parameters. The center-to-center distance be-
algorithms to produce values for the structural parametersveen nucleosomes is not expected to be affected by the
(see Materials and Methods). Two points are to be kept ifbroadening effect of the tip (Bustamante et al., 1994), and
mind in evaluating the data. First, by necessity, the meaean be used to describe the degree of extension of the fibers.
surements took into account only those nucleosomes thdthe measured angles (defined as the angle between lines
are visible on the upper portion of the folded fibers, and itconnecting centers of three successive nucleosomes; see
was difficult, in some cases, to decide upon the exact ordealso Materials and Methods) can also be used to character-
of nucleosomes in a fiber. Neither of these problems is ofze the extension of the fibers and the restraints upon linker
concern in flat, extended structures, where nucleosomes af@NA trajectories. Finally, fiber heights are only significant
well separated and exposed to the scanning tip, but magn a comparative basis, because tapping-mode SFM imag-

A. H1/H5-containing control B. 16 min trypsinized C. 32 min trypsinized

D. 1 htrypsinized E. 8htrypsinized F. H1/H5-depleted control

FIGURE 3 SFM images of mildly trypsinized chicken erythrocyte chromatin fib&sE( SFM images of chromatin fibers that are trypsinized for the
amount of time shown, and then glutaraldehyde-fixed. Images of untrypsinized c@¥tesid linker histone-stripped fiber) are shown for comparison.

Imaging was performed in air at ambient humidity and temperature on samples deposited on mica. The differences in the apparent diameter o nucleosome
in different images are due to the differences in the radii of curvature of the particular scanning tips that were used for imaging. This doeghet affect

X, Y, Z coordinates of the nucleosomal centers. All images are 508 &80 nm in size. Heights are indicated by varying shades of color with low regions

in dark reddish purple and higher regions in increasingly lighter tones of reddish purple, in the ranges of 0-Athan@ 0-7.5 nmE, F).
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FIGURE 4 Frequency distribution histograms of center-to-center internucleosomal distéeftésmr(d columj internucleosomal anglexédnter

column), and fiber heightsr{ght-hand columpas a function of time of trypsin digestion, as denoted on each panel. The topmost panels in all columns show
the distributions obtained on control undigested fibers, and the bottommost panels show the respective distribution histograms for LH-depkdted ch
fibers. The numbers in each panel indicate the average values for the measured parameters with standard deviations. Note that the centeatmeenter d
for the control fiber is~15 nm instead of-20 nm, as expected on the basis of biochemically determined average linker length in chicken erythrocyte
chromatin. The smaller than expected value is due to glutaraldehyde fixation, because similar measurements performed on unfixed fibers gédve a value
~20 nm (Zlatanova et al., 1998). For further details, see Materials and Methods.

ing in air tends to decrease actual heights by a factor thalrypsin hydrolysis of chromatin fibers leads to
depends on adhesion (van Noort et al., 1997). For purifiegprogressive loss of three-dimensionality
mononucleosomal particles, the flattening factor~ig,

because SFM estimations give a height -2.5-3 nm,  Mild trypsin hydrolysis in chromatin fibers leads to degra-
instead of the 5.5 nm expected on the basis of crystallogeation of LH tails, closely followed by degradation of the
raphy data (Richmond et al., 1984; Luger et al., 1997). H3 N-terminus (Fig. 2; see also Zlatanova et al., 1995). This
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is in agreement with numerous previous reports (e.g., Chat- o 4 180 9s0
terjee and Walker, 1973; Weintraub and van Lente, 1974). 100} Ve &
In this paper, we examine the effect of this degradation ong Center-to-Canter g
fiber morphology at low ionic strength, using SFM. Exam- g 8or IN é :‘?;
ples of SFM images of undigested chromatin fibers andg | 7 Il = %
fibers at different points of hydrolysis are shown in Fig. 3, § ‘%Ejz ;-Z; 90 215
with variation in color tones displaying the apparent heightsg 40| Ag53] & ]
of different nucleosomes above the mica surface. The nong , | 1, =
hydrolyzed control fibers (Fig. ) exhibited a three-di- & 2
mensional arrangement of nucleosomes, as observed previ- o = S ]

L : 1 ! ! ! : 0 0 Lo

ously (Leuba et al., 1994a). Fibers at intermediate stages of
hydrolysis had partially lost the three-dimensional nucleo-
somal organization; the unraveled stretches of such fibers
displayed a zigzag arrangement of successive nucleoSome&URE 5  Kinetics of digestion of linker histones and histone H3, as
(Fig. 3, B—E). Note that the zigzag mutual disposition of rnegsured by SDS gel electrophoresis ofhistongs. The concomi.tgntchanges
nucleosomes is still present at the end point of digestionm flbe_r parameters are plotted on the_ same time _scale to facilitate inter-
. pretation of the results<, Amount of residual linker histond®, amount of

when the tails of both the LHs and H3 had been cleaved (Ser%sidual core histone H8), average center-to-center distancés;average
Fig. 3E). Control experiments indicated that the remaininginternucleosomal angle&l, average heights of nucleosomes within the
core histones were intact and that the globular domain of thébers.[J, ¢, O on the respectivéf axes: average heights, angles, and
LHs was still attached to these partially hydrolyzed fiberscenter-to-center distances of control linker histone-stripped chromatin fibers.
(see Materials and Methods). On the other hand, fibers
totally stripped of LHs lost this zigzag character (FigF3  Zlatanova, 1996). To gain further insight into the molecular

The unraveling of the chromatin fiber structure upondeterminants that define the three-dimensional structure of
trypsin hydrolysis could be quantitatively followed by mea- extended chromatin fibers, we have combined biochemical
suring center-to-center distances, internucleosomal anglegechniques and SFM. Despite its many advantages, it must
and apparent fiber heights in SFM images. Frequency dishe understood that there are limitations to this imaging
tribution histograms of center-to-center distances show thatechnique. SFM is a surface method, and sample attachment
trypsin hydrolysis is accompanied by a gradual increase ito the surface may lead to some alterations of the solution
this parameter from the-15 nm for the undigested controls structure. In particular, the flattening observed with some
to ~28 nm at 8 h ofligestion (Fig. 4left-hand columh For  structures may be the result of such effects. Nevertheless,
comparison, the average center-to-center distance for LHhe very fact that differences in fiber composition can yield
stripped fibers is~31 nm. Similar distribution histograms either flat or three-dimensionally organized morphology on
for fiber apparent heights show a progressive decrease frothe same kind of surface clearly points to intrinsic differ-
the ~4-nm value for the control fiber t6-1.6 nm at the end ences in the solution structures and must reflect differential
point of trypsin digestion (Fig. 4middle columih This  structure or stability as a function of their histone compo-
value is similar to that of LH-stripped fibers. In marked sition, because all other experimental conditions have been
contrast to these results, the distribution of internucleosomatept the same.
angles remains virtually unchanged during the digestion The main conclusion from this work is that the globular
(Fig. 4, middle columin In particular, it never approaches domain of the linker histones, the linker histone tails, and
the skewed distribution found with LH-stripped chromatin the N-terminal tail of core histone H3 all affect chromatin
fibers. fiber structure, yet in subtly different ways. The globular

Plotting these image parameters and the extent of histondomain of linker histones helps fix the angle between DNA
digestion as a function of digestion time revealed that theduplexes entering and exiting the nucleosome, as evidenced
change in internucleosomal distances correlated best withy the observation that its presence in the digested fiber is
the digestion of the LHs, whereas the change in fiber heightaecessary and sufficient to preserve the zigzag morphology
paralleled more closely the later cleavage of histone H3f the fiber and to keep the distributions of internucleosomal
N-terminus (Fig. 5). Note that the mean angle did notangles constant during digestion. On the other hand, the tails
change throughout the experiment. of the LH contribute primarily to the close packing of
adjacent nucleosomes, as evidenced by the increase in in-
ternucleosomal distances that accompanies cleavage of
these tails. The N-terminal tails of H3 appear to contribute
DISCUSSION mainly to the stability of the three-dimensional fiber struc-
Understanding the structure of the extended chromatin fibeture, because their cleavage leads to a dramatic flattening of
at low ionic strength is of crucial importance, becausefibers.
extended fibers presumably represent the form in which the Although the experiments described herein point very
DNA template is presented to cellular machineries conductstrongly to these conclusions, we remained concerned by
ing transcription, replication, and repair (van Holde andcertain aspects. Because the digestion of LH tails and that of

L
0 20 40 60 80 100 120 480
Time of hydrolysis (min)
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H3 tails overlap to a certain extent, the separation of their chromatin fibers as revealed by tapping-mode scanning force micros-
functions was not so clearly defined as we would have liked, €oPY-Proc. Natl. Acad. Sci. USA1:11621-11625.

[ ec B . Leuba, S. H., J. Zlatanova, and K. van Holde. 1993. On the location of
Furthermore, it is difficult to tell, in such experiments, = 2 1 "0 Hs in the chromatin fiber. Studies with immobilized

whether the cleaved fragments of the histone tails are still trypsin and chymotrypsinl. Mol. Biol. 229:917-929.
retained in the chromatin fiber. To surmount these difficul-Leuba, S. H., J. Zlatanova, and K. van Holde. 1994b. On the location of
ties, we have devised another approach to more critically linker DNA in the chromatin fiber. Studies with immobilized and soluble

evaluate the conclusions derived from this work. This is, Micrococcal nucleasd. Mol. Biol. 235:871-880.
’ Luger, K., A. W. Maer, R. K. Richmond, D. F. Sargent, and T. J.

described in the following paper. Richmond. 1997. Crystal structure of the nucleosome core particle at 2.8
A resolution.Nature. 389:250—260.

. . . . Makarov, V. L., S. |. Dimitrov, |. R. Tsaneva, and |. G. Pashev. 1984. The
This work is supported by National Institutes of Health grants GM50276 to role of histone H1 and non-structured domains of core histones in

KvH and JZ, GM32543 to CB, and a National Institutes of Health Post-  aintaining the orientation of nucleosomes within the chromatin fiber.
doctoral Fellowship 1F32GM16600 to SHL. Some images from this work  Bjochem. Biophys. Res. Commu22:1021-1027.

can be viewed at http://green.la.asu.edu/chromatin. Marion, C., B. Roux, and P. R. Coulet. 1983a. Role of histones H1 and H3
in the maintenance of chromatin in a compact conformaf&@BS Lett.
157:317-321.
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