Organization of internucleosomal DNA in rat liver chromatin
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A detailed analysis of the length distribution of DNA in
nucleosome dimers trimmed with exonuclease HI and S1
nuclease suggests that the previously described variation of
internucleosomal distance in rat liver occurs, at least for a
subset of the nucleosomes, by integral multiples of the helical
repeat of the DNA. Results obtained upon digestion of
chromatin with DNase H further suggest that lengths of internucleosomal DNA are integral multiples of the helical repeat
of the DNA plus - 5 bp. Restraints imposed by these features
on the arrangement of nucleosomes along the fiber are
discussed.
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Introduction
Internucleosomal (linker) DNA is an important component
of the chromatin fiber since, together with the linker histone
HI, it conditions the interactions between neighboring
nucleosomes. The higher order coiling of the fiber may be
modulated in particular by variations in linker length. A
detailed knowledge of the fine structure of internucleosomal
DNA may then be expected to give some insight into these
interactions or, at least, may be a prerequisite for their understanding. It is now widely accepted that intranucleosomal
distance varies from one nucleosome to the next along the
chromatin fiber. Evidence for this variation has been produced for viral chromatin, chromatin containing specific regions
of the genome (reviewed by McGhee and Felsenfeld, 1980;
Igo-Kemenes et al., 1982) and bulk chromatin (Lohr et al.,
1977; Martin et al., 1977; Prunell and Kornberg, 1977, 1982;
Strauss and Prunell, 1982). Moreover, linkers of different
lengths appear to be randomly interspersed along the fiber in
bulk chromatin (Strauss and Prunell, 1982).
It has been further suggested that variation in linker length
does not occur in a continuous fashion but rather by increments of 10 bp, i.e., by integral multiples of the double
helix repeat. Evidence for linker quantization is based on
analysis of the length distribution of DNA in digests of
chromatin. Gel electrophoresis of the DNA in denaturing
conditions shows a ladder of discrete fragments extending up
to or into dimer-size DNA. This observation was made for
yeast, HeLa cells and chicken erythrocyte chromatin digested
with DNase I (Lohr et al., 1977; Lohr and Van Holde, 1979);
rat thymus chromatin digested with Serratia marcescens
nuclease (Pospelov et al., 1979); Drosophila chromatin
digested with micrococcal nuclease (Karpov et al., 1982); and
chicken erythrocyte (Riley and Weintraub, 1978), rat liver
-
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(Prunell, 1979) and Drosophila (Karpov et al., 1982)
chromatin digested in succession with micrococcal nuclease,
exonuclease III (exo III) and SI nuclease.
It is clear, however, that DNase I or S. marcescens
nuclease, which cut nucleosomal DNA at multiple sites spaced by 10 nucleotides, do not discriminate constant from
quantized linkers. Because micrococcal nuclease as well as
exo III trim both linker and intranucleosomal DNA in a
quantized fashion (reviewed by McGhee and Felsenfeld,
1980), this ambiguity also remains in micrococcal nuclease
digestion, and in combined micrococcal nuclease plus
exo III and SI nuclease digestions, as long as the uniformity
of the trimming has not been checked. The extended ladder
may also arise as a consequence of sliding resulting in closely
apposed nucleosomes. Sliding may be induced by the release
of HI, either by digestion with micrococcal nuclease alone
(Lohr et al., 1977; Tatchell and Van Holde, 1977), or by further trimming with exo III down to the core position (Prunell
and Kornberg, 1982).
In the light of these uncertainties, it was interesting to test
further the idea of quantized linkers by taking advantage of
the carefully controlled trinuming of rat liver nucleosome
dimers with exo III and SI nuclease that we recently described (Strauss and Prunell, 1982). Because dimers kept their full
complement of HI at all stages of the experiment, an accurate
trimming to the HI-specified chromatosome position could
be achieved (Strauss and Prunell, 1982). We report here that
DNA from such trimmed dimers can be partly resolved into
bands spaced by 10 nucleotides upon high resolution gel
electrophoresis. Quantization of linker lengths is further supported by an analysis of the length distribution of DNA in
chromatin digested with DNase II. This analysis also suggests
that linker lengths are, as previously described for yeast (Lohr
and Van Holde, 1979), integral multiples of the helical repeat
of DNA plus 5 bp. Restraints imposed by these features on
the arrangement of nucleosomes along the chromatin fiber
are discussed.
-
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Results
Linker length distribution by exo III trimming
We have recently described how HI-containing chromatin
fragments from rat liver can be accurately trimmed down to
the HI-specified chromatosome position (Strauss and
Prunell, 1982). Briefly, chromatin fragments are digested
with exo III, DNA is extracted, and 5' single-stranded ends
left by exo III are removed by further incubation with SI
nuclease. Results obtained by this procedure are shown in
Figure 1. While DNA distribution in oligomers remains
broad, monomer DNA is converted into a sharp band at
-160 bp. Direct controls, described in Strauss and Prunell
(1982), showed that dimers were, like the monomers, accurately trimmed. The width of the bands may therefore be
expected to reflect the length heterogeneity of linker DNA.
The length distribution of DNA in trimmed dimers approximates a Gaussian distribution with a mean of 360 bp and a
standard deviation of 17 bp, and ranges between -325 and
395 bp. These values imply that linker or intercore DNA
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Fig. 1. Length distribution of DNA in nucleosome oligomers trimmed with
exo III and SI nuclease. Micrococcal nuclease-prepared nucleosome
oligomers were first digested with exo III; DNA was then extracted,
digested with SI nuclease and electrophoresed in a 47o polyacrylamide gel,
together with DNA from starting nucleosome oligomers. The gel was stained with ethidium bromide and photographed. The figure was taken from
Figure 3A in Strauss and Prunell (1982). See Materials and methods and
Strauss and Prunell (1982) for further details.

lengths have a mean of -50 bp and vary between 15 and
85 bp (Strauss and Prunell, 1982). The consistency found between this value of the mean and published values for the
repeat of rat liver chromatin (reviewed by Kornberg, 1977)
further suggested that nucleosomes did not slide during
preparation or trimming.
High resolution fractionation of the same dimer DNA in a
98% formamide-607o polyacrylamide gel (Figure 2; top panel)
reveals a discrete set of bands, also apparent in a trace of the
photograph (Figure 2; bottom panel). Bands in the lower and
middle regions of the distribution correspond to linker DNA
10, 20, 30, 40, 50 and 60 bp long, the band corresponding
to the 50 bp long linker being approximately at the center.
Bands could not be resolved in the higher region of the
distribution using either different gel systems (we tried the
system described by Lutter (1979), which utilizes a high ratio
of bisacrylamide over acrylamide in urea) or different DNA
preparations.
In an effort to estimate the proportion of linkers which are
quantized, nine Gaussian distributions of identical standard
deviation and of mean differing by 10 bp were combined.
Their relative abundance was adjusted to fit the envelope of
the experimental distribution. Figure 3 shows that the appearance of bands in the cumulated distribution strongly
depends on the value of the standard deviation. The best fit is
obtained with a value of 4.5 bp, which is 1.5 bp higher than
the 3 bp found previously (Strauss and Prunell, 1982) for the
standard deviation of the DNA length distribution in trimm-
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Fig. 2. High resolution fractionation of DNA from trimmed dimers. Dimer
DNA was purified by elution from the band shown in Figure 1, as described by Maxam and Gilbert (1977), and subsequently electrophoresed in a
98% formamide-6o polyacrylamide gel as described in Materials and
methods. The gel was stained with ethidium bromide and photographed.
The trace was recorded from the photograph with a Joyce-Loebl microdensitometer.

ed monomers shown in Figure 1. The simplest explanation of
this discrepancy is that quantization actually applies only to a
subset of the linkers. We cannot exclude, however, that
dimers are slightly less perfectly trimmed than monomers.
There may also be an artifactual broadening of the bands in
the gel resulting from interactions between molecules during
electrophoresis, since such problems are expected to be more
marked for dimer-size than for monomer-size fragments.
Another possibility is that linkers within the same class vary
by a few base pairs around their average size. The proportion
of linkers which are quantized may therefore be higher than
suggested by the fractionation shown in Figure 2.
Chromatin digestion with DNase II
As shown by Horz and Zachau (1980) and Horz et al.
(1980), DNase II can cleave DNA in chromatin according to
two alternative mechanisms, depending on conditions. This is
illustrated in Figure 4 by electrophoretic patterns obtained
from chromatin digested with DNase II in these two modes.
In the 'classical' mode, DNase II cuts are spread all over
intranucleosomal DNA, which is reflected by bands exhibiting little modulation of their intensity (Figure 4B; first
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two lanes from the left). This low differential susceptibility of
the sites to cutting by DNase II has also been found by Lutter
(1981) with end-labelled core particles. The 'unclassical' mode
of cleavage is induced by the HI-mediated condensation of
chromatin (Igo-Kemenes et al., 1982), and cannot therefore
be obtained with core particles. In this mode, the susceptibility of the sites internal to the particle has changed dramatically
as reflected by the decrease in the intensity of the bands >90
and < 60 nucleotides (Figure 4B; last two lanes to the right).
In other words, only sites spaced by 60-90 nucleotides appear to be significantly cut in this mode. Figure 4A, left
lane, demonstrates that this digest also shows the 100 nucleotide modulation previously described for this mode by Horz
and Zachau (1980) and Horz et al. (1980), in contrast to a
micrococcal nuclease digest of the same chromatin which exhibits only a 200 nucleotide modulation (Figure 4A; right
lane). We therefore felt confident that the 'unclassical' mode
indeed resulted from the enhanced susceptibility to cleavage
of the two edge regions of the DNA, - 20-30 nucleotides inside the particle, as described by Horz and Zachau (1980) and
Horz et al. (1980). The '100 nucleotide mode' of cleavage is
shown schematically in Figure 5.
If a subset of the linkers is actually quantized, part of the
fragments delineated by cuts inside two adjacent nucleosomes, both in the monomer region (fragments 2-5 and
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Fig. 3. Simulated fractionation of dimer DNA. Nine Gaussian distributions
of identical standard deviation, a were linearly added. Their means
were 320, 330, 340, 350, 360, 370, 380, 390 and 400 bp and their relative
amounts were 5, 8, 12, 16, 19, 16, 12, 8 and 40%, respectively.
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Fig. 4. Length distribution of DNA in DNase II-digested chromatin. (A) Chromatin was first digested in nuclei with DNase II in the '100 nucleotide mode'
(see Materials and methods and Figure 5). DNA was extracted and electrophoresed in a 7 M urea-6%o polyacrylamide gel along with DNA from a micrococcal nuclease digest of the same nuclei obtained as described by Prunell and Kornberg (1977). A photograph of the ethidium bromide-stained gel is shown.
(B) Same DNA as in A (right) and DNA from a similar but slightly later digest (second lane from the right) were labelled with 32P using polynucleotide kinase
and electrophoresed in a 7 M urea-8 To polyacrylamide gel (0.15 x 16 x 30 cm). DNAs from an earlier left) and a later (second lane from the left) DNase I1
digest of long chromatin in the classical mode (see Materials and methods) were also labelled with 32P and electrophoresed in the same gel. An autoradiogram
of the relevant region of the gel is shown.
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Fig. 5. Diagram of cleavage of chromatin by DNase I1 in the 100
nucleotide mode. In this mode of cleavage, which is induced by the
HI-mediated condensation of chromatin, DNase II cleaves (arrows)
primarily the edge regions (positions 2, 3, 5 and 6) - 20-30 bp inside the
particle, as compared to linker (positions 1, 4 and 7) and central regions
(Horz and Zachau, 1980; Horz et al., 1980). Internal cuts are spaced by
multiples of 10 nucleotides. The number of cuts in the figure is arbitrary.

3-6 in Figure 5) and in the half band at 300 nucleotides
(fragments 2-6 in Figure 5), should be discrete. Figure 4A
indeed shows bands spaced by - 10 nucleotides in the monomer region of the gel. Bands can be seen up to - 250 nucleotides, but they are obscured above this length apparently
because they fail to be resolved. The idea that intranucleosomal fragments (lower bands in Figure 4B) and putative
internucleosomal fragments (bands in the monomer region in
Figures 4A and 4B) do not belong to the same series is supported by the following observation. In the 'classical' mode
of cleavage that we describe above, DNase II generates intranucleosomal fragments which extend up to - 140 nucleotides
(Figure 4B; first two lanes from the left) and which can then
be directly compared to the internucleosomal fragments obtained in the 'unclassical' mode (Figure 4B; last two lanes to
the right). A shift of -5 nucleotides of one series relative to
the other is readily apparent in their region of overlap.
Discussion
Our suggestion that the center-to-center distance of at least
a subset of the nucleosomes in rat liver varies along the
chromatin fiber by increments of - 10 bp is based on analysis
of the DNA distribution in nucleosome dimers accurately
trimmed to the HI-specified chromatosome position. Quantization of linker lengths is also supported by results obtained
upon digestion of chromatin with DNase II, although this experiment does not formally discriminate quantized from constant linkers (see Introduction). Because a significant amount
of constant linkers would result in a strong band in the exo III
pattern of Figure 2, which is actually not observed, we believe
that discrete bands in both exo III and DNase II patterns
originate from the same quantized linkers. Although a quantitation is difficult, it is interesting that the amount of DNA in
the bands relative to the background appears to the eye more
important in the DNase II (Figure 4) than in the exo III
(Figure 2) pattern. This discrepancy is likely to arise from the
lower size of DNase II fragments which allows them to be
better resolved in the gel.
The reverse orientation model of Lohr and Van Holde (1979)
The shift of five nucleotides observed between inter- and
intranucleosomal fragments of the DNase II digest is similar
54

to that observed upon DNase I digestion of yeast (Lohr and
Van Holde, 1979) and chicken erythrocyte (D.Lohr, personal
communication) chromatin. As noted by Lohr and Van
Holde (1979), this five nucleotide shift has the effect of reversing the strand orientation in adjacent nucleosomes; in other
words, if one strand has a particular orientation at a given
point of one nucleosome, the other strand has the same orientation at the same point of the next nucleosome. This
however requires that the average direction of cutting by the
DNases remains perpendicular to the axis of the DNA superhelix, as shown in Figure 6a. As a consequence, the cleavage
periodicity (- 10.5 nucleotides; Prunell et al., 1979; Simpson
and Kunzler, 1979; Lutter, 1981) will reflect the pitch of DNA
on the nucleosome ( - 10.5 bp/turn) which will then be close
to the pitch of DNA free in solution (10.6 bp/turn; Peck and
Wang, 1981; Strauss et al., 1981; Rhodes and Klug, 1981).
The reverse orientation of nucleosome neighbors stipulated
by the model is schematized in Figure 6b. Note in particular
that linker DNA (fragment 5-6) corresponds to an integral
number of turns plus half a turn of the double helix.
The parallel orientation model
To solve the basic problem arising from the observation
that there appears to be only about one topological turn of
DNA per nucleosome (Germond et al., 1975) although DNA
is coiled twice around the histone core, Finch et al. (1977)
propose that the pitch of DNA on the nucleosome may be
significantly smaller than the pitch of DNA free in solution,
and may in fact be close to 10 bp/turn. A value close to 10.0
bp/turn has since been supported by a mapping of DNase I
cutting sites in three dimensions (Klug and Lutter, 1981) and
by a measurement of the periodicity with which exo III
digests nucleosomal DNA (Prunell, in preparation). This
value of the pitch, taken together with the five nucleotide
shift of inter- versus intranucleosomal fragments, leads to a
model opposite to that of Lohr and Van Holde (1979), in
which nucleosomes share the same orientation on the DNA.
This model is briefly described below. As observed by Prunell
et al. (1979), a value of 10.0 bp/turn for the pitch of nucleosomal DNA will result in the observed cleavage periodicity of
-10.5 nucleotides if directions of cutting are no longer
perpendicular to the axis of the DNA superhelix but oriented
as shown in Figure 6c. More specifically, average directions
of cutting will vary regularly from the perpendicular at the
mid position to the maximum angle off the perpendicular at
the edges of the particle as drawn in Figure 6d (Klug and Lutter, 1981). An estimate for the maximal change in the
cleavage direction angle can be simply obtained from the
length difference between 14 turns of a DNA double helix
with 10.0 bp/turn (140 bp) and the actual DNA content of a
core particle (- 145 bp; Lutter, 1979), which gives a figure of
- 5 bp or 180°(see Klug and Lutter, 1981, for detailed discussion). With parallel nucleosomes, internucleosomal
fragments corresponding to a full repeat length (1 -6, 2-7,
etc., in Figure 6d) contain an integral number of turns of the
double helix, in contrast to the largest intranucleosomal
fragments (1-5, 6-10 in Figure 6d) which, as mentioned
above, correspond to an integral number of turns plus
approximately half a turn. This half-a-turn difference results
in the five nucleotide shift observed in the region of overlap
between the two series of fragments (Figure 4B). In this
model, as in the reverse model, linker DNA (fragment 5-6)
corresponds to an integral number of turns plus half a turn of
the double helix.
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Fig. 6. Arrangement of nucleosome neighbors in relation to directions of cleavage by DNases. In the reverse model (top) average directions of cleavage by
DNase II or DNase I (these DNases cleave nucleosomal DNA at the same position; Lutter, 1981) remain perpendicular to the superhelix axis (a). In this
model, the digestion periodicity of the DNA (- 10.5 nucleotides; Prunell et al., 1979; Simpson and Kunzler, 1979; Lutter, 1981) reflects its helical periodicity
(- 10.5 bp/turn). A scheme of the mode of cleavage of an individual strand in two adjacent nucleosomes (b) makes apparent that a reverse orientation of
these nucleosomes on the DNA results in the observed five nucleotide shift of inter- versus intranucleosomal fragments. Note that fragment 1-5, for example, corresponds to an integral number of turns of the double helix whereas fragment 1-6 does not. In the parallel model (bottom), in contrast, average directions of cleavage vary from the perpendicular to the superhelix axis at the center of the particle to the maximum angle off the perpendicular at the edges, as a
result of a better accessibility of the upper and lower superturns from above and below, respectively (c). A scheme of this mode of cleavage on an individual
strand (d) makes apparent that the helical periodicity of nucleosomal DNA is now smaller than its cleavage periodicity. For a pitch of 10.0 bp/turn, the rotation of the cleavage direction from entrance (1 and 6) to exit (5 and 10) of the DNA in the particles can be estimated to be close to 1800 (see Discussion),
which corresponds to half a turn of the double helix or to -5 nucleotides. It follows that, in this model, a five nucleotide shift of inter- versus intranucleosomal fragments reflects a parallel orientation of nucleosomes on the DNA, as schematized in d. Note that fragment 1-6 now corresponds to an integral
number of turns of the double helix whereas fragment 1 - 5 does not.

Arrangement of nucleosomes along the chromatin strand
Lohr and Van Holde (1979) have noted that if one assumes
a definite orientation of DNA with respect to the histones in
the core particle, a reverse orientation of nucleosome
neighbors does not allow them to be packed on top of one
another with their flat faces parallel and the DNA forming a

regular left-handed superhelix. Nucleosomes should instead
be co-planar and packed in a side-by-side fashion, as shown
in Figure 7, top (see also Figure 7 in Lohr and Van Holde,
1979). In contrast, a parallel orientation of nucleosomes

allows them to be stacked on top of one another as outlined
above (Figure 7, bottom). The fact that solenoidal models of
the 250 A thick fiber usually describe a superhelix made up
of a flexible stack of nucleosomes (Thoma et al., 1979;
McGhee et al., 1980) may therefore appear consistent with a
close to 10.0 bp/turn periodicity of nucleosomal DNA.
More work is required to see whether quantized (or constant) linkers have a widespread or only a limited occurrence
(see Introduction). It will also be interesting to see whether
quantized or constant linkers always correspond to an integral number of turns plus half a turn of the double helix.
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reverse

Zachau, 1980) was achieved by incubating long chromatin, solubilized from
nuclei by brief digestion with micrococcal nuclease, at a DNA concentration
of 50 Ag/ml with 6 U/ml of DNase II in 10 mM Tris-HCI, 0.5 mM EDTA,
pH 7.0 and 0.2 mM PMSF at 37°C for either 10 or 15 min. DNase 11 digestions were stopped by quenching in ice and raising the pH to 9.0 by addition
of appropriate volumes of 1 M Tris-base.
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Fig. 7. Arrangement of nucleosomes in the chromatin fiber. Nucleosome
neighbors are schematically represented in their reverse (top) and parallel
orientations (bottom) from above (left) and from the side (right). Depending on their orientation, nucleosomes may be packed side by side (top) or
stacked on top of one another (bottom middle). In the side-by-side arrangement, DNA is coiled in a descending superhelix in one nucleosome,
crosses to the other nucleosome where it is coiled in an ascending superhelix. In the stack, in contrast, DNA forms a regular left-handed superhelix.

Although the nature of the underlying mechanisms is unclear,
it is tempting to speculate that quantization is actually a mere
reflection of the higher level of organization of the fiber, since
both quantization and higher organization imply an ordered
spatial arrangement of nucleosomes. This in turn suggests
that, if only a subset of the linkers is actually quantized, this
subset might originate from the most condensed chromatin in
the nucleus.
Materials and methods
Preparation of chromatin and digestion with exo III
Digestion of rat liver nuclei with micrococcal nuclease, preparation of
nucleosome oligomers, washing of these oligomers in 0.15 M NaCl and their
trimming with exo III and S1 nuclease have previously been described (Strauss
and Prunell, 1982).
Gel electrophoresis
DNA was electrophoresed in polyacrylamide gels either in duplex form
(Loening, 1967) or as single strands in the presence of 7 M urea (Maniatis et
al., 1975). Gel dimensions were 0.15 x 16 x 16 cm, except where otherwise
stated. High resolution electrophoresis of DNA from trimmed nucleosome
dimers was performed in thin 98%o formamide-607o polyacrylamide gels (0.03
x 16 x 30 cm) in 50 mM sodium phosphate, pH 7.4, as described by Maniatis
et al. (1975). The gel was not pre-electrophoresed. Approximately 1 Ag of
DNA in 2 of sample buffer was applied to each well. Voltage was 300 volts
and electrophoresis was stopped when the cyanol green dye marker had
migrated through three quarters of the gel.
Digestion of chromatin with DNase- II
Nuclei were digested at a DNA concentration of 500 ,ug/ml with 6 U/ml of
DNase II (a gift of G.Bernardi) in 10 mM Tris-HCl, 0.05 mM spermidine,
0.015 mM spermine, pH 7.0, and 0.2 mM phenylmethylsulfonylfluoride
(PMSF) at 37°C for either 30 or 45 min. Under these conditions, DNase II
digests chromatin in the 'unclassical', 100 nucleotide, cleavage mode (Horz
and Zachau, 1980). Digestion in the 'classical' cleavage mode (Horz and
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