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Abstract During eukaryotic evolution, genome size has increased disproportionately to nuclear
volume, necessitating greater degrees of chromatin compaction in higher eukaryotes, which have
evolved several mechanisms for genome compaction. However, it is unknown whether histones
themselves have evolved to regulate chromatin compaction. Analysis of histone sequences from
160 eukaryotes revealed that the H2A N-terminus has systematically acquired arginines as genomes
expanded. Insertion of arginines into their evolutionarily conserved position in H2A of a small-
genome organism increased linear compaction by as much as 40%, while their absence markedly
diminished compaction in cells with large genomes. This effect was recapitulated in vitro with
nucleosomal arrays using unmodified histones, indicating that the H2A N-terminus directly modulates
the chromatin fiber likely through intra- and inter-nucleosomal arginine-DNA contacts to enable
tighter nucleosomal packing. Our findings reveal a novel evolutionary mechanism for regulation of
chromatin compaction and may explain the frequent mutations of the H2A N-terminus in cancer.
DOI: 10.7554/eLife.02792.001

Introduction

Genome size, defined as the haploid DNA content of a cell, has increased as eukaryotes evolved from
single-cell species to more complex, multicellular organisms. Within the same evolutionary timeframe,
nuclear volume has also increased but at a slower rate than genome size expansion (Maul and Deaven,
1977, Olmo, 1982). While the ratio of nuclear to cell size has remained essentially constant in eukary-
otes (Cavalier-Smith, 2005), the disproportional increase in genome size relative to the nuclear vol-
ume has required organisms with larger genomes to compact their chromatin to greater extents than
organisms with small sized genomes. Indeed there is a positive correlation between genome size and
native chromatin compaction as measured by dye incorporation into chromatin (Vinogradov, 2005).
In most eukaryotes, the genome is organized into chromatin by the repeating nucleosomal structure
(Luger et al., 1997). The nucleosomes stack and fold into higher order structures, serving to system-
atically compact the genome (Lieberman-Aiden et al., 2009, Duan et al., 2010) and to regulate
molecular processes that are based on DNA (Celeste et al., 2002; Vogelauer et al., 2002; Fischle
et al., 2005; Kouzarides, 2007; Fussner et al., 2011).

The surface of the histone octamer has 14 DNA interaction sites. Each interaction is mediated by
an arginine residue that intercalates into the minor groove of the DNA to stabilize the nucleosomal
structure (Luger et al., 1997, West et al., 2010). Arginine is the most commonly used amino acid for
interaction with DNA due to its positive charge and the lower energetic cost compared to lysine for
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elLife digest There are up to three meters of DNA in a human cell. To fit this length into the
cell's nucleus in an organized manner, DNA is wrapped around proteins called histones and then
tightly packaged to form a structure called chromatin. The interaction between the histones and the
DNA is helped by certain amino acids on the surface of the histones fitting snugly into the DNA
molecule.

Plants and animals have genomes that are significantly larger than those of single-celled
organisms. However, although genome size has increased gradually during the evolution of complex
organisms, the size of the nucleus has not undergone a similar expansion. Large genomes are
therefore packaged more tightly than small genomes. However, we do not fully understand how
different species evolved the ability to do this.

Now Macadangdang, Oberai, Spektor et al. have compared the histones of 160 species ranging
from single-celled microorganisms to plants and animals. This revealed that the amino acids in a
particular type of histone—histone 2A—vary according to genome size. Organisms with small
genomes use histone 2A proteins with fewer arginine amino acids on their surface than organisms
with large genomes.

Further experiments showed that yeast cells engineered to contain arginine-rich histones wind
their DNA more tightly; and, in some cases when the chromatin was more compacted, the nuclei
were also smaller. On the other hand, removing arginines from histones in human cells cause the
chromatin to be loosely packed and the nuclei to be larger than normal. Moreover, chromatin is
often abnormally packed in cancer cells and Macadangdang et al. found that many of these cells
contained histones with fewer arginines than normal.

Plants, animals, and other eukaryotes have evolved a variety of mechanisms to control how much
they compact their chromatin in addition to the way discovered by Macadangdang et al. Future
work is now needed to determine how these different mechanisms work together in different
species such that the chromatin is compacted to the optimal level.

DOI: 10.7554/eLife.02792.002

displacing water when intercalating into the minor groove (Rohs et al., 2009). Nucleosomes mediate
chromatin compaction through a variety of mechanisms. For instance, nucleosomes form higher order
structures through inter-nucleosomal contacts between the histone H4 N-terminal domain (NTD) and
the acidic patch of H2A and between two H2B C-terminal domains (CTD) (Luger et al., 1997; Dorigo
et al., 2003, 2004; Gordon et al., 2005; Schalch et al., 2005). Histone variants, such as H2A.Z or
H2A.Bbd, as well as post-translational modifications of histones, such as H4K16ac, can further regulate
the degree of compaction (Suto et al., 2000; Bao et al., 2004; Shogren-Knaak et al., 2006; Zhou
et al., 2007; Chandrasekharan et al., 2009; Kim et al., 2009, Fierz et al., 2011). Polycomb com-
plexes compact large domains of chromatin (Eskeland et al., 2010) and are important for proper
development. Histones of the H1 family promote additional compaction by binding between nucle-
osomes to linker DNA near the DNA entry/exit site on nucleosomes and stabilize the intrinsic ability of
nucleosomal arrays to fold in vitro (Carruthers et al., 1998; Robinson et al., 2008, Szerlong and
Hansen, 2010). Linker histones may affect chromatin compaction globally (Fan et al., 2005), at spe-
cific stages of the cell cycle such as mitosis (Maresca et al., 2005) or at specific regions of the genome
(Li et al., 2012). In contrast to canonical histones, the linker histones are much less conserved
(Caterino and Hayes, 2010), and ectopic expression of human linker histones in the budding yeast
even at low levels is lethal for the cell (Miloshev et al., 1994). Finally, structural proteins such as con-
densin also contribute to chromatin condensation (Tada et al., 2011). Many of these modulatory
mechanisms are dynamic in nature (Luger et al., 2012) and may help explain why multicellular organ-
isms can compact chromatin to different degrees in different cell types. However, despite the exist-
ence of these mechanisms for genome compaction in higher eukaryotes, it has not been known
whether the canonical histones themselves have evolved sequence features that also contribute to the
generally increased chromatin compaction observed in organisms with larger genomes.

In this study, we provide evidence from analysis of 160 fully-sequenced eukaryotic genomes that
arginine (R) residues at specific positions in the N-terminal tail of histone H2A—which protrudes from
the nucleosome on the opposite side of DNA entry/exit site—have co-evolved with increasing genome
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size with a concomitant decrease in serines/threonines. Although increases in genome size are associ-
ated with phylogenetic evolution from protozoa to fungi to more complex plants and animals, we
present genetic and molecular evidence from the budding yeast and human cells as well as in vitro
biochemical data to demonstrate that the evolutionary changes in H2A directly regulate chromatin
compaction in vivo and in vitro with consequences for the nuclear volume. The evolutionary changes
in H2A regulate chromatin compaction in yeast and human cells, revealing a surprising flexibility in the
dynamics of the chromatin fiber that has been conserved across distant eukaryotes. This previously
unrecognized structural feature of the nucleosome has evolved to enable greater chromatin compac-
tion when genome size is disproportionately larger than the nuclear volume. Our findings also suggest
that the reported mutations in the histone H2A NTD may contribute to the altered chromatin compaction
that is commonly observed in cancer cells (Zink et al., 2004).

Results

H2A acquires specifically positioned arginines as genome size increases
To determine whether specific residues in the four core histones have co-evolved with increasing
genome size, we performed residue composition analysis of canonical histone protein sequences
from 160 fully sequenced eukaryotes with genome sizes ranging from 8 to 5600 Mbp encompassing
protozoa, fungi, plants, and animals. The canonical histone proteins for each organism were defined
based on at least 90% overlap and 35% identity with the histone fold domain of the corresponding
human sequence (‘Materials and methods’). Each organism was categorized as having a small
(<100 Mbp), medium (100-1000 Mbp), or large (>1000 Mbp) genome (Figure 1—figure supple-
ment 1A). Of the canonical histones, the H2A NTD showed the most statistically significant varia-
bility in amino acid residues, where the number of arginines increased with increasing genome size
(Figure 1A), while the number of serines (S) and threonines (T) decreased (Figure 1B). Other amino
acid residues in the H2A NTD, including lysines (K), did not correlate with genome size (Figure 1—
figure supplement 1B).

The acquisition of arginines and loss of serines/threonines in the H2A NTD with increasing genome
size occur at specific positions and in sequential order. For instance, the human H2A NTD contains
arginine residues at positions 3 and 11 that are absent in yeast and at position 20 which is correspond-
ingly a lysine in yeast (Figure 1C). In contrast, the human sequence lacks S10 and S15 that are observed
in the yeast H2A NTD (Figure 1C). Alignment of all H2A NTD sequences also revealed similar trends
across all eukaryotes studied here. The heat map in Figure 1D shows the occurrence of arginines and
serines/threonines in the H2A NTD as a function of genome size (see Figure T—source data 1 for raw
data and Figure 1—figure supplement 1C for statistical analysis). At position 3, an arginine (R3)
is predominantly present in medium and large species but is lacking in small species. At position 11, a
lysine (K11) is observed in species with medium genomes that evolves to an arginine (R11) mainly in
organisms with large genomes. R17 is present in most organisms examined, suggesting a very con-
served function for this residue (Zheng et al., 2010). At position 20, small genomes contain predomi-
nantly a lysine residue, which converts to arginine in medium and large genomes. In contrast, serines/
threonines at positions 10 and 15 are found primarily in organisms with small genomes and much less
so in organisms with medium and large genomes (Figure 1D). Additionally, each of the four H2A NTD
arginines is surrounded by a conserved motif (Figure 1E). The residues surrounding R3 and R17 are
mainly glycine and serine, respectively. At position 11, the motif varies based on genome size. Species
with medium-sized genomes contain VKG and those with large genomes contain ARA. The same is
true of position 20, where AKA is present in organisms with small genomes and (S/T)RA in larger
genome species (Figure 1E).

Interestingly, except for R3, the positions of all the other evolutionarily varying residues in the H2A
NTD are strongly conserved relative to the histone fold domain and not the N-terminus (Figure 1F).
When counting conventionally from the N-terminus, amino acids R11, R17, and R20—which are num-
bered based on the human sequence—were not observed consistently at the same positions in other
organisms. However, these residues are respectively 12, 6, and 3 amino acids away from the histone
fold in most species (note the vertical axes in Figure 1F). S10 and S15—which are numbered based on
the yeast sequence—also show more uniform positioning when counted from the histone fold.
Altogether, as genome size increases, arginines appear in conserved positions within the H2A NTD
relative to the histone fold, and serines and threonines are lost.
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Figure 1. Histone H2A N-terminal sequence has co-evolved with genome size. Violin plots of the number of (A) arginines or (B) serines/threonines in the
H2A NTD for species with small, medium, and large genomes. Plot widths correspond to species frequency within each group. (C) H2A NTD sequences
for S. cerevisiae and H. sapiens. (D) Heat map of H2A NTD residue composition at the indicated positions ordered by genome size. Example species are

Figure 1. Continued on next page
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shown with kingdom and genome size information. (E) Protein sequence motifs surrounding the four H2A NTD arginine residues. (F) Positioning of
evolutionarily variable residues relative to the H2A N-terminus (left) or histone fold (right). See also Figure 1—figure supplements 1 and 2.

DOI: 10.7554/eLife.02792.003

The following source data and figure supplements are available for figure 1:

Source data 1. H2A multiple sequence alignments, heat map data, and canonical H2A isoforms.

DOI: 10.7554/eLife.02792.004

Figure supplement 1. Phylogenetic distribution of species analyzed in this paper.

DOI: 10.7554/eLife.02792.005

Figure supplement 2. H2A arginines 3 and 11 are situated adjacent to DNA within the nucleosome.

DOI: 10.7554/eLife.02792.006

Arginines 3 and 11 in the H2A NTD increase chromatin compaction

To determine whether arginines and serines/threonines of the H2A NTD affect chromatin compaction
in vivo, we took advantage of a strain of Saccharomyces cerevisiae, that has both chromosomal copies
of H2A deleted and carries a single copy of H2A on a plasmid (TSY107), to construct mutant strains
containing single or multiple insertions of arginines into their conserved motifs, deletions of serines,
or combinations thereof (see Table 1 for specific amino acid changes and Supplementary file 1A for
a description of the mutant strains). Two mutants, R3(AGS10)R11 and R11AS15, were also designed
such that the spacing between R3 and R11 or R11 and the histone fold, respectively, is the same as in
the H2A NTD of organisms with large genomes (Figure 1C,F). As a control for positive charge, mutant
strains with lysines inserted in the same positions as arginines were also generated.

To test the effects of H2A NTD changes on chromatin compaction, the physical distance between
two probes on chromosome XVI spaced 275 kb apart was assessed in each of the H2A mutants using
fluorescent in situ hybridization (FISH) (Figure 2A; Guacci et al., 1997; Bystricky et al., 2004). The
probes were differentially labeled and visualized by confocal microscopy. The distance between
the probes was measured in a single plane in which both probes were present within each nucleus
(Bystricky et al., 2004). When compared to the isogenic wild type (WT), addition of a single arginine
at position 3 (R3) or 11 (R11) to the H2A NTD was sufficient to significantly decrease the average inter-
probe distance by 18% and 15%, respectively (Figure 2B,C; Table 1). The average interprobe distance
was further decreased by 22% when both arginines were present (R3R11) and even more so (30%) in
R3(AGS10)R11. Deleting G9S10 (AGS10) alone caused slightly increased compaction with low statis-
tical significance (Table 1). The largest decrease in interprobe distance (41%) was observed in the
R11AS15 mutant, which places R11 12 amino acids from the histone fold, the same position as in
organisms with large genomes. Removal of S15 (AS15) alone had no effect. The effect of arginines was
not simply due to increasing the positive charge of the H2A NTD, as insertions of lysines at positions
3 and 11 did not significantly affect the interprobe distances (Figure 2C and Supplementary file 2).
Although lysines are found at these positions in certain species (Figure 1D), the lack of potential com-
paction by lysines may be due to the absence of other evolutionary changes in yeast histones (see
Figure 1E). Additionally, R17K or K20R mutations did not affect compaction, nor did a randomly
inserted arginine at position 6 (R6) (Figure 2C and Supplementary file 2), suggesting that not every
arginine in the H2A NTD contributes to chromatin compaction.

We further confirmed the effects of R11 on chromatin compaction using three additional probe
sets (Figure 2A). The level of compaction seen in our WT strain is similar to what has been previously
reported in yeast using a different strain background (Bystricky et al., 2004). The interprobe distances
for all probe sets were significantly decreased in R11 compared to WT and even more so in R11AS15
but not AS15 alone (Figure 2—figure supplement 1A-C and Supplementary file 2). Plotting the
physical vs genomic distances for all probe sets revealed uniform compaction across large genomic
distances (Figure 2D). The effect of R11 on chromatin compaction was not strain-specific as H2A R11
and R11AS15, but not AS15, caused chromatin compaction in a different strain background (Figure 2E;
Supplementary file 2). We therefore conclude that H2A arginines at positions 3 and 11, especially
when R11 is placed at the evolutionarily-conserved position relative to the histone fold, increase the
degree of chromatin compaction.

Chromatin is differentially compacted at different cell cycle stages (Guacci et al., 1997). Cell cycle
profile analysis showed little difference between the strain harboring WT H2A and any of the mutant
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Table 1. List of H2A mutations, sequence changes and their effects on chromatin compaction and
nuclear volume

FISH Nuclear volume
H2A mutant H2A NTD Protein sequence % Change p-value % Change p-value
Yeast
WT SG-GKG-GKAGSA-AKASQSRSAKAG - 1.0E+00 - 1.0E+00
R3 SGRGKG-GKAGSA-AKASQSRSAKAG -18 95E-04 -5 4.1E-01
R11 SG-GKG-GKAGSARAKASQSRSAKAG =15 8.6E-04  -20 5.9E-05
R3R11 SGRGKG-GKAGSARAKASQSRSAKAG  -22 8.2E-06 -16 3.0E-03
R3(AGS10)R11 SGRGKG-GKA - - ARAKASQSRSAKAG -30 21E-06 +6 3.7E-01
R11AS15 SG-GKG-GKAGSARAKA - QSRSAKAG  -41 3.9E-08 -9* 4.7E-04
K3 SGKGKG-GKAGSA-AKASQSRSAKAG  +9 8.6E-01 +13 9.4E-03
K11 SG-GKG-GKAGSAKAKASQSRSAKAG  +16 3.1E-01 +3 2.6E-01
K3K11 SGKGKG-GKAGSAKAKASQSRSAKAG  +6 8.3E-01 +31 5.4E-08
K11AS15 SG-GKG-GKAGSAKAKA - QSRSAKAG -7 92E-02 +2 6.6E-01
AGS10 SG-GKG-GKA - - A-AKASQSRSAKAG -6 3.2E-02 +10 3.0E-02
AS15 SG-GKG-GKAGSA-AKA-QSRSAKAG  +3 94E-02 +9 9.7E-03
R6 SG-GKGRGKAGSA-AKASQSRSAKAG -5 5.6E-02 +10 1.0E-03
K20R SG-GKG-GKAGSA-AKASQSRSARAG -3 3.0E-01 +7 1.5E-02
R17K SG-GKG-GKAGSA-AKASQSKSAKAG -1 7.9E-01 0 2.7E-01
Human—HA Tag
WT SGRGKQGGKTRAKAKSRSSRAG - 1.0E+00 - 1.0E+00
AR3 SG - GKQGGKTRAKAKSRSSRAG +39 8.3E-03  +42 1.3E-08
R11K SGRGKQGGKTKAKAKSRSSRAG +20 23E-02 +14 1.2E-03
R11A SGRGKQGGKTAAKAKSRSSRAG +43 1.0E-05 +21 5.7E-07
AR3RT1A SG - GKQGGKTAAKAKSRSSRAG +35 3.5E-03 +18 5.9E-04
Human—FLAG Tag
WT SGRGKQGGKARAKAKSRSSRAG - 1.0E+00 - 1.0E+00
A1-12 e KAKSRSSRAG +47 49E-03  +18 2.8E-04

The -marks indicate spacing for sequence alignment purposes. The inserted residues are bold typed and
underlined. Deletions are indicated by -.

Percent (%) change refers to the difference in median values relative to WT unless otherwise indicated; the statistically
significant differences are bold typed. p-values were calculated using the t-test (yeast) and Mann-Whitney U test (human).
*percent change was calculated relative to isogenic WT control (AS15).

DOI: 10.7554/eLife.02792.007

strains (Figure 2—figure supplement 1D-E), indicating that the observed differences in chromatin
compaction are not due to altered cell cycle profiles. Chromatin compaction may also be influenced
by nucleosomal spacing; indeed the linker DNA length is larger in human cells than in yeast (Grigoryev,
2012). We find that there are essentially no differences in nucleosomal density in H2A arginine mutants
using Micrococcal nuclease (MNase) digestion (Figure 2F, Figure 2—figure supplement 1F), indicat-
ing that the average nucleosomal spacing is not affected by these mutations. But the more compact
mutants displayed decreased accessibility to MNase as indicated by the delayed appearance of the
nucleosomal digestion pattern (Figure 2F, Figure 2—figure supplement 1F).

H2A arginines and serines affect nuclear volume in yeast

Since chromatin structure may influence the volume of the nucleus (Cavalier-Smith, 2005), we asked
whether nuclear volume was affected by H2A-mediated chromatin compaction. We tagged a nuclear
pore protein, Nup49, in its chromosomal locus with GFP to visualize the nuclear membrane and
used confocal microscopy to capture three-dimensional images of the nucleus to quantify volumes
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Figure 2. Ectopic expression of H2A NTD arginines causes compaction in yeast. (A) Schematic position of probes on chromosome XVI that were used
for FISH. The letters correspond to the probe sets. (B) FISH images and (C) boxplot of the distributions of interprobe distances for probe set A in the
indicated strains. (D) The mean interprobe distances for the indicated yeast strains for probe sets A, B, C, and D are plotted as a function of genomic
distance. Solid lines are best fit equations. (E) Boxplot of the distributions of interprobe distances for probe set A in the indicated strains. Dashed lines
mark the median value for the WT strain. The boxplot whiskers contain 90% of the data. All scale bars are 1 um. Boxes are colored if the mean of the
indicated strain is significantly different from WT. Red stars denote level of significance: *p<0.01; **p<0.001; ***p<0.0001 (For exact values, see
Supplementary file 2). (F) Agarose gel electrophoresis of MNase-digested chromatin in the indicated strains including the densitometric profiles
comparing the WT to each of the mutant H2A strains for a given amount of enzyme. See also Figure 2—figure supplement 1.

DOI: 10.7554/eLife.02792.008

The following figure supplements are available for figure 2:

Figure supplement 1. Ectopic expression of H2A NTD arginines causes compaction in yeast.

DOI: 10.7554/eLife.02792.009

of 2150 cells per H2A mutant (Figure 3A,B; Table 1; Supplementary file 3, see ‘Materials and meth-
ods' for volume calculations). As compared to WT cells, H2A mutants containing R11 or R3R11, both
of which contain more compact chromatin, displayed significantly decreased nuclear volumes. The
average nuclear volume in the R3 mutant was also less than WT but did not reach statistical signifi-
cance. Interestingly, H2A mutants from which serines 10 and 15 were removed displayed larger
nuclear volumes. Simultaneous insertions of arginines into these strains (R3(AGS10)R11 and R11AS15)
decreased their nuclear volume (R11AS15 p<0.001 compared to AS15), restoring them to levels similar
to WT. The control strains with either lysines or R6 had nuclear volumes similar to or larger than WT.
Neither arginines nor serines had any effect on total cell size as measured by concanavalin A staining
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(Figure 3—figure supplement 1A,B; Supplementary file 3). In the FY406 strain background, AS15
did not cause an increase in nuclear volume; and thus both R11 and R11AS15 strains exhibited smaller
nuclear volumes than isogenic WT (Figure 3C; Supplementary file 3). These data suggest that mod-
ulation of chromatin compaction through the H2A NTD, especially in the presence of R11, affects the
nuclear volume but this effect may be indirect (see human data below).

Loss of H2A arginines causes de-compaction of chromatin in human
cells

Since the H2A NTD in large genomes contains both R3 and R11, we expected that their removal
would cause de-compaction of chromatin. To test this prediction, we ectopically expressed WT or
mutant H2A in several human cell lines and measured the distances between probes 0.49 Mbp apart
on chromosome 1 by FISH, as well as the largest nuclear cross-sectional areas (‘Materials and meth-
ods’). The H2A gene was HA-tagged and mutated to remove R3 (AR3), to replace R11 with alanine
(R11A) or lysine (R11K), or to combine two mutations (AR3R11A). The H2A constructs were overex-
pressed using the strong CMV promoter in the normal human IMR90 fibroblasts, the breast cancer
cell line MDA-MB-453, or the HEK293 cells. Cells overexpressing AR3, R11A, or AR3R11A H2A mutants
had increased interprobe distances, indicating de-compaction of chromatin. Expression of H2A R11K
had modest effects on chromatin de-compaction with marginal statistical significance (Figure 4A,B,
Figure 4—figure supplement 1A,B; Supplementary file 4). Cells expressing any of the H2A mutants
displayed larger nuclear areas, suggesting that nuclear size is increased (Figure 4C,D, Figure 4—
figure supplement 1C-F; Supplementary file 5). Equal degrees of overexpression were confirmed by
immunofluorescence analysis with an anti-HA antibody and detection of HA-H2A by western blotting
(Figure 4D, Figure 4—figure supplement 1G). Ectopic expression of a C-terminally FLAG-tagged
H2A mutant missing residues 1-12 (A1-12) also caused significant de-compaction of chromatin and
increased nuclear area despite being expressed at a lower level than WT (Figure 4E,F). These data
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Figure 3. Ectopic expression of H2A NTD arginines decreases nuclear volume in yeast. (A) Images of the nuclear envelope, as visualized by Nup49p-
GFP, and boxplot of the distributions of nuclear volumes in the indicated strains in the TSY107 background (B) or the FY406 background (C). Dashed
lines mark the median value for the WT strain. The boxplot whiskers contain 90% of the data. All scale bars are 1 pm. Boxes are colored if the mean of
the indicated strain is significantly different from WT. Red stars denote level of significance: *p<0.01; **p<0.001; ***p<0.0001 (Supplementary file 3).
Red dagger (1) indicates that mean nuclear volume of R11AS15 is significantly smaller than its isogenic WT strain (AS15; p<0.001). See also Figure 3—

figure supplement 1.
DOI: 10.7554/elLife.02792.010

The following figure supplements are available for figure 3:

Figure supplement 1. H2A arginines do not affect cell size.

DOI: 10.7554/eLife.02792.011
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demonstrate that, consistent with our predictions, the H2A NTD, especially arginines 3 and 11, function
to compact chromatin in human cells.

H2A R11 regulates compaction of nucleosomal arrays in vitro

Because R11 compacts chromatin in vivo, we investigated whether this effect is directly on the chro-
matin fiber. We used step-wise salt dialysis to assemble nucleosomal arrays with a DNA template
containing 12 copies of the 177 bp ‘601’ nucleosome positioning sequence (601-177-12) and recom-
binant Xenopus laevis histone octamers that contain either WT H2A or one with R11 deleted (AR11).
We assembled nucleosomal arrays at different octamer-to-template ratios (0.9, 1, and 1.1 octamer to
1 template) and monitored the quality of the arrays by MgCl, precipitation and restriction digest anal-
ysis using Scal. We found that a 1:1 octamer-to-template ratio gave the best results as the Scal
digest demonstrated well-assembled arrays compared to the 5% free DNA loaded as a comparison
(Figure 5A). We used analytical ultracentrifugation to determine the sedimentation velocity combined
with van Holde-Weischet analysis (Weischet et al., 1978) to ascertain the distribution of sedimenta-
tion coefficients (S) for each nucleosomal array in the absence or presence of 0.8 mM MgCl,, a concen-
tration of the divalent cation that promotes intra-molecular folding of nucleosomal arrays (Schwarz
and Hansen, 1994). In the absence of Mg?#*, arrays containing WT H2A sedimented with a coeffi-
cient of 33.1, which is a value that has been previously shown for similar arrays (Dorigo et al., 2003;
Shogren-Knaak et al., 2006; Zhou et al., 2007). In contrast, arrays missing R11 adopted a more
extended conformation with a smaller sedimentation coefficient of 31.0 (Figure 5B). Addition of Mg?*
increased compaction of both arrays and shifted the sedimentation coefficients to 39.3 and 37.4 for
WT and AR11 H2A, respectively (Figure 5B). A second independent chromatin assembly and ultracen-
trifuge analysis confirmed these results (Figure 5—figure supplement 1). Thus, in the absence of R11
in the H2A NTD, nucleosomal arrays adopt a less compact conformation even in the presence of diva-
lent cations, showing that R11 directly increases chromatin compaction.

Compaction of chromatin by H2A NTD arginines does not alter global
gene expression in yeast
To determine whether chromatin compaction through H2A arginines interferes with transcription reg-
ulation, we examined gene expression patterns in the H2A yeast mutants. Remarkably, there was a
high level of correlation (20.99) between all strains examined (Figure 6A), and no specific gene on-
tology was found among the genes that were differentially expressed by twofold or more. The expres-
sion levels of the histone genes were similar, indicating that altered levels of histone genes expression
do not account for the changes in chromatin compaction. These data indicate that compaction of
chromatin by H2A does not significantly alter global gene expression in exponentially growing cells.
All strains also showed similar growth rates in rich media (Figure 6B) and no significant differences
in sensitivity to hydroxyurea, methyl methanesulfonate (MMS), bleomycin, 4-nitroquinoline 1-oxide
(4NQO), cycloheximide, and rapamycin, indicating no major defects with DNA replication or repair,
protein synthesis, or the TOR signaling pathways (Figure 6C). But in competition growth assays in
which equal amounts of WT and H2A mutant cells harboring the PGK1 gene fused to either GFP or
RFP were co-cultured, the H2A mutants regardless of any effect on chromatin compaction, were out-
competed (Figure 6D). This suggests that changes in the H2A NTD sequence can affect the overall
fitness of the cell.

H2A NTD arginines and their surrounding residues are mutated in
cancer and affect chromatin compaction

Deregulated chromatin compaction is often a pathological hallmark of cancer cells (Edens et al.,
2012), although the underlying mechanisms are not well-understood. A survey of the COSMIC data-
base (Forbes et al., 2011), as of the time of writing, revealed 41 documented missense mutations
within the H2A NTD with 29 (71%) affecting a residue within one of the four arginine motifs (Figure 7A).
R11, which had the strongest effect of any single arginine residue on chromatin compaction, is the
most commonly mutated residue in the H2A NTD. We tested the effects of three of these mutations,
R11C, H, and P and found that ectopic expression of each in normal human fibroblasts decreases
chromatin compaction significantly with R11P having the strongest effect (Figure 7B,C). These cancer
mutations have little effect on increasing nuclear area, however (Figure 7D,E), in contrast to R11A
(Figure 4D). It is unclear to what extent the H2A mutants have to be expressed in cancer cells relative
to the 17 canonical H2A genes in the human genome to affect chromatin compaction. But our data
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Figure 4. Loss of H2A NTD arginines decreases chromatin compaction in human cells. (A) FISH images of probes on chromosome 1 in normal primary
IMR90 fibroblasts with HA-tagged WT or mutant H2A overexpressed as indicated. (B) Boxplot of the distributions of inter-probe distances. Note that
R11K was only marginally significant at p=0.023. (C) Immunofluorescence images of IMR0 cells overexpressing HA-tagged WT or mutant H2A as

Figure 4. Continued on next page
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Figure 4. Continued

indicated. (D) Top: boxplot of the distributions of largest nuclear cross-sectional areas in the indicated H2A overexpressing cells. Bottom: boxplot of the
distributions of a-HA fluorescence intensities. (E) Left: FISH images, as in (A), of IMR90 cells expressing a C-terminal FLAG-tagged WT or tailless (A1-12)
H2A. Right: boxplot of the distributions of inter-probe distances. (F) Top: immunofluorescence images of IMR90 cells overexpressing FLAG-tagged WT
or tailless H2A. Bottom: boxplot of nuclear areas and fluorescence intensities, as indicated. Dashed lines mark the median value for the WT strain. All
scale bars are 10 pm. Boxes are colored if the mean of the indicated strain is significantly different from WT. Red stars denote level of significance:
*p<0.01; **p<0.001; ***p<0.0001 (Supplementary files 4 and 5). See also Figure 4—figure supplement 1.

DOI: 10.7554/elife.02792.012

The following figure supplements are available for figure 4:

Figure supplement 1. Loss of H2A NTD arginines decreases chromatin compaction in human cells.
DOI: 10.7554/elLife.02792.013

suggest that over-expression of an H2A mutant has the potential to disrupt chromatin compaction
in cancer.

Discussion

In this study, we describe evolutionary adaptations of the histone H2A whereby single arginines in the
NTD function to dramatically affect the degree of genome compaction. This mechanism is distinct
from several other known chromatin compaction mechanisms in higher eukaryotes (Bednar et al.,
1998; Dorigo et al., 2003; Shogren-Knaak et al., 2006; Zhou et al., 2007, Fierz et al., 2011) in that
it involves the histone proteins themselves. The H2A-mediated chromatin compaction thus provides
a novel but potentially complementary mechanism for genome compaction. Organisms with small
genomes but also very small cell size may face similar physical constraints as those with larger genomes,
and may therefore use arginine-containing H2A as a means for chromatin compaction. For instance,
Ostreococcus tauri which possesses an R3-containing H2A, is a free-living unicellular algae that has a
very small genome of 12.6 Mbp but a cell diameter of 0.8 pm (Palenik et al., 2007). S. cerevisiae,
which does not contain an H2A with R3, has a similarly sized genome but has a cell diameter that is
approximately five times larger. Furthermore, certain organisms such as Oikopleura dioica, which has
one of the smallest genomes in animals, have distinctive life cycles and possess H2A genes with and
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Figure 5. H2A NTD R11 directly modulates the compaction of chromatin fibers in vitro. (A) Polyacrylamide gel
electrophoresis (PAGE) of Scal-digested 601-177-12 DNA template assembled with octamers containing recombi-
nant WT or AR11 H2A. As a control, 5% of the 601-177-12 DNA without octamers was also digested. (B) The distribu-
tion of sedimentation coefficients determined by van Holde-Weischet analysis plotted against the percent
boundary fraction in the absence or presence of 0.8 mM MgCl, as indicated. Syecw is the sedimentation coefficient
corrected to water at 20°C. See also Figure 5—figure supplement 1.

DOI: 10.7554/elLife.02792.014

The following figure supplements are available for figure 5:

Figure supplement 1. H2A NTD R11 directly modulates the compaction of chromatin fibers in vitro.

DOI: 10.7554/elife.02792.015
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Figure 6. Mutations to H2A NTD decrease the fitness of yeast. (A) Pearson correlations between the global gene
expressions of the indicated strains grown in YPD. Correlations are calculated from an average of at least two
experiments. (B) Growth curves of the indicated H2A yeast strains over 10 hr in YPD. (C) Spot tests with 10-fold
serial dilutions for the indicated strains in the presence of different drugs. (D) The proportion of yeast cells in a
co-culture of WT and the indicated mutant H2A carrying Pgk1 gene fusion to GFP (green) or RFP (red) as indicated
by color.

DOI: 10.7554/eLife.02792.016

without arginines, which may enable them to dynamically regulate genome compaction at different
stages of their life cycles (Moosmann et al., 2011) (for species with H2A isoforms, see attached
spreadsheet). So, the H2A arginines may have evolved in circumstances when the genome size became
disproportionately large compared to nuclear volume. Interestingly, the toad, Bufo gargarizans, which
has a genome size that is twice as large as the human genome, possesses an H2A gene with not only
R3 and R11 but also glutamine 6 replaced with an arginine, suggesting that additional arginines in the
H2A tail may enable further compaction in organisms with even larger genomes.

To better understand the three dimensional positions of the H2A NTD arginines, we examined a
crystal structure of the mono-nucleosome in which R3, R11, R17, and R20 were all simultaneously crys-
talized, and visualized interactions between nucleosomes within the crystal lattice (Davey et al.,
2002). Interestingly, while R17 and R20 are more buried within the octamer, R3 and R11 are situated
close to the DNA backbone. R3 is at 2.87 A from the DNA and could potentially bind the DNA gyre as
the DNA wraps around the histone octamer. R11 forms close contacts with the DNA phosphate back-
bone of self and neighboring nucleosomes (4.09, 2.90 A, respectively). Although these interactions
may have helped form the crystal lattice, they also suggest a possible mechanism for tighter nucleo-
somal stacking in vivo through shielding of the DNA negative charge (Figure 1—figure supplement
2A,B; Davey et al., 2002). Thus, the evolutionary appearance of arginines in the H2A NTD sequence
at positions 3 and 11 corresponds to strategic positioning of R3 and R11 within the nucleosome struc-
ture that may enable interactions with the DNA, leading to m