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Abstract

Eukaryotic chromosomes are composed of chromatin, in which regularly spaced nucleosomes
containing ~147 bp of DNA are separated by linker DNA. Most eukaryotic cells have a
characteristic average nucleosome spacing of ~190 bp, corresponding to a ~45 bp linker. However,
cortical neurons have a shorter average spacing of ~165 bp. The significance of this atypical global
chromatin organization is unclear. We have compared the chromatin structures of purified mouse
dorsal root ganglia (DRG) neurons, cortical oligodendrocyte precursor cells (OPCs) and cortical
astrocytes. DRG neurons have short average spacing (~165 bp), whereas OPCs (~182 bp) and
astrocytes (~183 bp) have longer spacing. We measured nucleosome positions by MNase-seq and
gene expression by RNA-seq. Most genes in all three cell types have a promoter chromatin
organization typical of active genes: a nucleosome-depleted region at the promoter flanked by
regularly spaced nucleosomes phased relative to the transcription start site. In DRG neurons, the
spacing of phased nucleosomes downstream of promoters (~182 bp) is longer than expected from
the genomic average for DRG neurons, whereas phased nucleosome spacing in OPCs and
astrocytes is similar to the global average for these cells (~183 bp). Thus, the atypical nucleosome
spacing of neuronal chromatin does not extend to promoter-proximal regions.
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1. Introduction

Eukaryotic chromosomes are composed of chromatin, the basic subunit of which is the
nucleosome. Chromatin can be visualized in the electron microscope as regularly spaced
‘beads-on-a-string’, in which the beads represent nucleosome cores and the string is the
intervening linker DNA [1]. The nucleosome contains ~147 bp of DNA coiled almost twice
around a central octamer of core histones, composed of two molecules each of histones H3,
H4, H2A and H2B [2]. The DNA entry-exit points of the nucleosome are sealed by a
molecule of H1, the linker histone, which binds both to the nucleosome core and linker
DNA. H1 is required for full compaction of chromatin [1,3].

Most eukaryotic cells have a characteristic spacing in the range of 185-195 bp,
corresponding to 147 bp of nucleosomal DNA and ~45 bp of linker DNA. However, there
are notable exceptions, including mammalian cortical neurons, which have a much shorter
genomic spacing of 160-170 bp, corresponding to a linker of only ~15-20 bp [4,5].
Interestingly, cerebellar neurons have a more typical nucleosome spacing [4,5] and spacing
in both cortical and cerebellar neurons increases with age [6]. The chromatin of cortical
neurons is deficient in H1, but still forms compact fibers [7,8]. In contrast, glial cells, which
interact with neurons, have a typical nucleosome spacing and normal H1 levels [4,5] and
their average spacing does not change with age [6]. The significance of tissue-specific
differences in nucleosome spacing is uncertain, but they are likely to be important because
cells contain ATP-dependent chromatin remodeling enzymes that alter spacing [9-11].

Previous reports of the difference in nucleosome spacing between cortical neurons and glial
cells involved separation of neuronal and glial nuclei by size [4,5,12]. However, these glial
cells were probably a mixture of astrocytes, oligodendroglia and microglia. To address this
issue and to extend the original observations using both classical and modern genomic
methods, we analyzed nucleosome spacing and positioning in purified primary cultures of
mouse dorsal root ganglia (DRG) neurons, astrocytes and oligodendrocyte progenitor cells
(OPCs). OPCs are precursors of oligodendrocytes, which synthesize the myelin responsible
for insulating neuronal axons. We have previously shown direct interactions between OPCs
and DRG neurons in co-culture [13]. Astrocytes are the most abundant non-neuronal cell
population in the mammalian brain [14]. They are involved in many essential brain functions
[14-16]. Our results demonstrate a significant difference in genomic chromatin structure
between neurons and glial cells.

2. Materials and methods

2.1. Cell culture

All research involving animals was approved by the NICHD Institutional Animal Care and
Use Committee. OPCs were purified from the cortices of postnatal mice (P6-P9) of either
sex and cultured for 6-7 days [17]. OPC purity was determined by olig2 immunoreactivity
(routinely >90% Olig2-positive cells). Astrocytes were isolated from the cortices of
postnatal mice (P1-P3) of either sex and cultured for ~21 days until confluent. After 6-7
days of growth, flasks were shaken overnight to reduce contamination by OPCs and
microglia [14,18]. Astrocyte purity was determined by GFAP immunoreactivity (routinely
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>90% GFAP-positive cells). DRG neurons were isolated from the dorsal root ganglia of
embryonic mice (E13.5) [19]. Cells were plated onto coverslips and cultured for ~2 weeks.
DRG purity was verified by NeuN immunoreactivity; the numbers of non-DRG fibroblast-
like cells on coverslips before and after removal of DRG neurons were compared after
fixation and staining. Cultures were >70% NeuN-positive cells, with no astrocytes or OPCs
[14]. Cell purity for all cell types was confirmed by RNA-seq (Fig. S1). The purity of our
cultures is also shown by a cross comparison with an established database [20]. There is no
correlation between the RNA seq data from our OPCs and their astrocytes (R = 0.15-0.18),
or between our DRG neurons and their astrocytes (R = 0.14-0.16), or between our astrocytes
and their OPCs (0.07-0.08).

MNase digestion

Frozen cells were thawed on ice and gently resuspended in 500 ul Buffer A with 0.5% NP40
(0.34 M sucrose, 60 mM KCI, 15 mM NaCl, 15 mM Tris-HCI, 0.5 mM spermidine, 0.15
mM spermine, 1 mM EDTA, 15 mM 2-mercaptoethanol and protease inhibitors (Roche
11666975001)). Nuclei were pelleted in a microfuge (21,000g, 4°C, 1 min), washed with
500 pl Buffer A and resuspended in 250 pl Buffer A. The DNA concentration was measured
in a fluorimeter. Nuclei were divided into 100 pl aliquots at 0.5 to 9 pug/ml and digested for 3
min at ~25°C with 0 to 128 units of MNase (Worthington LS004798). Digestion was
stopped with 1 pl 0.5 M EDTA and 5 pl 20% SDS. Purified DNA was dissolved in 25 pl 10
mM Tris.HCI pH 8.0, 0.1 mM EDTA, 0.1 mg/ml RNase and incubated at 37°C for 30 min.
Samples were analyzed in a 1.2% (w/v) agarose-LE gel stained with SYBR-Gold. Repeat
lengths were measured by analysis in a 1.5% agarose gel (containing 1% 3:1 agarose and
0.5% agarose-LE to maximize separation).

MNase-seq and RNA-seq

Samples containing predominantly mono-nucleosomal DNA were treated with repair
enzymes to seal any MNase-induced nicks using the PreCR Repair kit (New England
Biolabs M0309) according to the manufacturer’s instructions. Repaired DNA was purified
using a Qiagen PCR column and the DNA concentration was measured. Paired-end libraries
were constructed using the NEBNext Ultra DNA Library Prep Kit for illumina (New
England Biolabs E7370) according to the manufacturer’s instructions for < 100 ng input
DNA. Adaptor-ligated DNA was purified using an equal volume of AMPure XP beads
(Beckman A63880) and then amplified by PCR (11 cycles). Libraries were purified using
AMPure XP beads and checked in a gel prior to sequencing (lllumina HiSeq 2500). RNA
was extracted from cells using standard protocols. RNA was sequenced by ACGT Inc.
(Replicate 1) or the NICHD Molecular Genomics Core Facility (Replicates 2 and 3) (Fig.
S2).

2.4. Bioinformatics

MNase-seq reads were aligned to the mouse genome (mm10) using Bowtie 2 [21] with
parameters -X 1000 --very-sensitive. Nucleosome positions were defined by the centers of
sequenced DNA fragments of 120 - 180 bp. RefSeq [22] annotations for transcription start
sites were obtained using the UCSC Table Browser (https://genome.ucsc.edu/cgi-bin/
hgTables). Heat maps representing nucleosome distributions near gene promoters were
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generated in MATLAB using the heatmap plotting function (http://www.mathworks.com/
matlabcentral/fileexchange/24253-customizable-heat-maps). RNA-seq reads were aligned
using TopHat2 [23] using default parameters. Transcript levels were quantified using HTSeq
[24]. The data have been deposited in the GEO database: GSE133966 (MNase-seq);
GSE133745 (RNA-seq).

3. Results
3.1. Mouse DRG neurons have short genomic nucleosome spacing

We measured the average nucleosome spacing (or “repeat length”) in DRG neurons, OPCs
and astrocytes (Fig. 1). Nuclei were digested with increasing concentrations of micrococcal
nuclease (MNase), which cuts the linker DNA much faster than the nucleosome core, giving
rise to a typical “ladder” of DNA fragments, corresponding to mono-, di-, tri-nucleosomes
etc. (Fig. 1A). To estimate the repeat length, DNA samples at the appropriate level of
digestion were compared side-by-side in an agarose gel (Fig. 1B). As expected, the mono-
nucleosome band is about the same size in all three cell types. However, the di-, tri- and
tetra-nucleosome bands from DRG neurons are clearly shorter than those from OPCs and
astrocytes, indicating that the linker DNA averages shorter in neuronal chromatin. The
average spacings derived from three independent experiments are 165+3 bp for DRG
neurons, 1835 bp for OPCs and 182+2 bp for astrocytes (Fig. 1C). Thus, DRG neurons
resemble cortical neurons in having atypically short nucleosome spacing.

3.2. Gene expression patterns

3.3.

We determined the gene expression patterns for all three cell types by RNA-seq. Histograms
of the number of genes with a given mRNA count indicated a wide range of gene expression
in each cell type (Fig. S3). All three cell types exhibited a peak corresponding to highly
expressed genes, representing roughly half of the 23,997 genes. The remaining genes had
little or no activity in each cell type. As expected, pairwise comparisons of these gene
expression patterns showed that a large fraction of genes had similar expression levels in all
three cell types (Fig. S3). Also as expected, many genes showed much greater differential
expression, corresponding to transcripts characteristic of each cell type.

Most gene promoters have a nhucleosome-depleted region and phased nucleosomes

in all three cell types

The measured repeat lengths (Fig. 1C) represent the global average nucleosome spacing for
the entire genome in each cell type. More locally, the average spacing in the vicinity of
promoters can be estimated using MNase-seq data, because nucleosomes are phased with
respect to the transcription start site (TSS). The promoters of active genes are typically
associated with a nucleosome-depleted region (NDR) about 200 bp wide; the TSS is usually
located just upstream of the first (“+1”) nucleosome on the gene. Regularly spaced
nucleosomal arrays form on either side of the promoter NDR and are said to be phased
because they adopt similar positions relative to the DNA sequence in every cell. Nucleosome
phasing upstream of the promoter NDR is generally weaker than downstream nucleosome
phasing. In contrast, the promoters of inactive genes typically lack both an NDR and
nucleosome phasing [25].
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We obtained genome-wide nucleosome positioning data for all three cell types using
MNase-seq. Accurate and relatively unbiased nucleosome mapping with MNase requires
extensive digestion in order to isolate most of the genome in mono-nucleosomes (Fig. 1A).
Two biological replicate experiments with excellent coverage were performed for each cell
type (Table S1). The distance in base pairs between the ends of each pair of 50 nt reads after
alignment to the mouse genome gives the length of the sequenced nucleosome, which is
expected to be ~147 bp. The central nucleotide in each nucleosome sequence marks the
genomic position (dyad) of the nucleosome, subject to the caveat that some nucleosomal
DNA sequences are longer or shorter than the expected 147 bp, due to incomplete removal
of linker DNA or to internal digestion of the nucleosome by MNase, respectively.

We sorted all 23,997 genes according to their transcriptional activity using our RNA-seq
data for the three cell types (Fig. S3A) and constructed heat maps representing our
nucleosome positioning (MNase-seq) data aligned on the TSS, indicated by the vertical
dashed line (Fig. 2A). Each row in the heat map represents a gene, with the most active gene
at the top and the least active gene at the bottom. As expected, we observed that the more
active genes are associated with a prominent NDR at the promoter, which includes the TSS.
These promoters are also associated with an array of well-phased nucleosomes downstream
of the TSS and weaker upstream phasing. The genes in the bottom half of each heat map
have much less prominent NDRs and weaker nucleosome phasing, both of which decrease
with transcriptional activity. The least active genes, at the bottom of each heat map, have
very weak NDRs and very poor nucleosome phasing. Overall, more than half of the genes in
each cell type have the active chromatin configuration.

3.4. Similar nucleosome spacing on active genes In all three cell types

Since chromatin structure is related to transcriptional activity, we measured the nucleosome
spacing of the most active genes in each cell type. The genes were first divided into quintiles
(Fig. 2A). The distribution of nucleosomes relative to the TSS on the most active genes
(quintile 1) was compared with that on the least active genes (quintile 5) by plotting the
average nucleosome dyad density against distance from the TSS (Fig. 2B; Fig. S4). In all
three cell types, the active genes exhibited a deep NDR at the promoter and phased
nucleosomes upstream and downstream of the TSS, whereas the least active genes had no
NDR and no nucleosome phasing (the approximately flat line indicates that nucleosomes
have a similar probability of formation at any location relative to the promoter). The average
spacing between the phased nucleosomes at the 5’-ends of the most active genes (quintile 1)
in each cell type was estimated from the slope of a regression line in a plot of the distance
between nucleosome peaks (for the +1 to +4 nucleosomes) against the nucleosome number
(Fig. S5). The results for two biological replicate experiments were as follows: DRG
neurons: 183 and 181 bp; OPCs: 183 and 184 bp; astrocytes: 190 and 184 bp. The
nucleosome spacing at active promoters in OPCs and astrocytes is therefore very similar to
the global spacing measured in gels (182 and 183 bp, respectively; Fig. 1C). Surprisingly,
nucleosome spacing at promoters in DRG neurons (~182 bp) is clearly higher than the
global spacing in the same cells (165 bp).
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4. Discussion

We report here that DRG neurons have short nucleosome spacing at the global level (~165
bp). OPCs and astrocytes have more typical global nucleosome spacing (~182 bp and ~183
bp, respectively), although these spacings are shorter than reported for nuclei isolated from
heterogeneous glial cell populations (~200 bp) and on the lower edge of the range for many
other cells and tissue types [26]. The significance of the atypical global chromatin
organization of DRG neurons is unclear. DRG neurons are non-dividing, terminally
differentiated cells, OPCs are dividing, non-differentiated progenitor cells, whereas
astrocytes are dividing, differentiated cells. Short spacing is not a simple consequence of
terminal differentiation, because cerebellar neurons are also terminally differentiated, but
have relatively long nucleosome spacing.

It has been proposed that shorter nucleosome spacing in cortical neurons may reflect higher
overall transcriptional activity relative to other cells [4,5,12]. This hypothesis is supported
by the similarity with budding yeast, which is very active in transcription and has similarly
short spacing (~165 bp) [27]. Furthermore, the most highly transcribed yeast genes generally
have the shortest nucleosome spacing [9,28,29]. However, our observation that the most
active genes in DRG neurons have longer nucleosome spacing than the genomic average, at
least near their promoters, is inconsistent with this hypothesis.

An alternative hypothesis is that nucleosome spacing affects the compaction of the
chromatin fiber. A short linker is likely to reduce the overall affinity of H1 for chromatin,
because the interaction of the long C-terminal domain of H1 with linker DNA may be
limited if the linker is too short [9]. This model is supported by the direct correlation
between the amount of bound H1 and nucleosome spacing both in vitro [30,31] and in vivo
[32,33]. The chromatin of cortical neurons contains only about half as much H1 as glial
chromatin or chromatin from other cells with long nucleosome spacing [4]. Similarly, yeast
chromatin has short spacing and low levels of H1 [34]. Mice lacking three of a total of about
eight linker histone genes have reduced H1 in their chromatin and reduced nucleosome
spacing relative to wild type mice [32]. However, low H1 does not result in full chromatin
decompaction because both neuronal and yeast chromatin fragments form condensed fibers
in vitro [7,8,35]. Instead, the key point may be that chromatin with long spacing can
decondense if H1 levels are low, whereas chromatin with short spacing would be much less
affected. Thus, H1 binding may regulate the degree of compaction of long-spaced chromatin
but not of short-spaced chromatin. Our data indicate that active genes have relatively long
spacing, suggesting that they would be decondensed at low H1 levels, presumably
facilitating transcription. In DRG and cortical neurons, the bulk of the chromatin has short
spacing and its level of compaction would be predicted to be relatively insensitive to H1
levels. More work needs to be done to test this hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Mouse dorsal root ganglia (DRG) neurons have atypically short nucleosome
spacing
. Oligodendrocyte progenitor cells and astrocytes have more typical
nucleosome spacing
. Nucleosome spacing at active gene promoters is similar in all three cell types
. In DRG neurons, nucleosomes are spaced farther apart at active genes than

elsewhere
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Fig. 1.
DRG neurons have shorter nucleosome spacing than OPCs and astrocytes. (A) Gel

electrophoresis of DNA purified from a typical MNase titration (example: astrocytes). The
oligo-nucleosomes become progressively shorter as more linkers are cut by MNase,
eventually resulting in mono-nucleosomes. The repeat length is measured using samples
with multiple nucleosome bands (as indicated). Nucleosome positioning (MNase-seq) data
are obtained using samples containing predominantly mono-nucleosomes, avoiding over-
digestion (indicated by the smearing below the mono-nucleosome band in the last 3
samples). 100-bp marker. (B) Typical gel used for repeat length measurement. Specific
samples from titrations like that in A are analyzed side-by-side. M1: 100-bp marker; M2:
mixture of pBR322 Msp/and A-DNA BstEll digests. (C) Repeat length data (average of 3
independent experiments with standard deviation). The lengths of the mono-, di-, tri- and
tetra-nucleosomes were determined using the markers for calibration. The repeat length is
given by the slope of the regression line in a plot of DNA length vs. nucleosome number
(Fig. S5).
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Fig. 2.
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Transcriptionally active promoters have an NDR and phased nucleosomes in all three cell
types. (A) Nucleosome dyad densities are shown for each gene according to the scale at right
(MNase-seq data). The genomic average density is set at 1. Genes are sorted according to
transcriptional level for each cell type using the RNA-seq data for that cell type (Fig. S3)
and divided into quintiles (horizontal dashed lines); quintile 1 corresponds to the most active
genes (at top). Genes are aligned on the TSS (vertical dashed line). (B) Nucleosome phasing
relative to the TSS for the most active and least active genes in all three cell types (quintiles
1 and 5, respectively). The spacing of phased nucleosomes near active gene promoters
(quintile 1) is similar in DRG neurons, OPCs and astrocytes. Nucleosomes on inactive genes
(quintile 5) are not phased and there is no NDR. See Fig. S4 for analysis of all quintiles and
Fig. S5 for regression analysis.
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