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Introduction

Histones are basic proteins that help package the lengthy genomic 
DNA in all eukaryotes to form nucleoprotein filaments called 
chromatin and fit them inside the nucleus of each cell.1 Two mol-
ecules each of core histones H4, H3, H2A and H2B form an 
octameric protein core around which 147 base pairs of DNA is 
wrapped to form a nucleosome core particle.2 A linker or H1 his-
tone molecule then associates with the nucleosome core particle 
to form a nucleosome that serves as the basic repeating unit of 
chromatin.3 By packaging the DNA, histones also regulate access 
to the genetic information contained within the DNA.4 Histone 
proteins are extensively modified posttranslationally and these 
modifications as well as the enzymes that carry them out have 
been the object of intense scrutiny over the past two decades due 
to their potential for modulating the expression of the genetic 

The accumulation of excess histone proteins in cells has deleterious consequences such as genomic instability in the 
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information, thereby affecting both normal and disease states 
in humans.5 For most of the ~125 years since the discovery of 
histones,6 these proteins had been considered extremely stable 
and histone half-lives were experimentally determined to be in 
the order of several months depending on the proliferative and 
differentiation state of cells.7-9 This high metabolic stability is 
likely important for histones to fulfill their roles in the stable 
inheritance of the genetic material (DNA), as well as epigenetic 
states through cell division. However, these half-lives are likely 
to mainly reflect the contribution of chromatin bound histones 
as we have shown that non-chromatin bound (i.e., “free” or 
“excess”) histones are degraded with a half-life of ~30 minutes in 
the budding yeast.10,11

Histone proteins are essential for viability and cells need to 
achieve a very delicate balance between histone and DNA synthe-
sis during the packaging of its genome into chromatin. Histone 
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proteins are regulated transcriptionally,12,13 posttranscription-
ally,14-16 translationally17 and posttranslationally.10,11,18 Why are 
the histone proteins subjected to such a high degree of regula-
tion? This is probably because on one hand scarcity of histones 
results in inviability,19 while on the other hand the presence of 
excess histones has been shown to result in excessive mitotic chro-
mosome loss,20 increased DNA damage sensitivity and cytotox-
icity.10,11 However, the mechanisms underlying these deleterious 
effects of excess histone accumulation are unclear and so we were 
interested in investigating them. Our main hypothesis is that due 
to their high positive charge, histones may exhibit non-specific 
electrostatic interactions with many negatively charged molecules 
in the cells, including nucleic acids such as DNA and RNA, as 
well as negatively charged proteins. This postulate predicts that 
excess histones could potentially exert their deleterious effects via 
at least four main mechanisms: (1) Excess histones can compete 
with and prevent the appropriate assembly of variant histones. 
This has already been shown to be the case upon overexpression 
of histone H3 that interferes with the correct deposition of the 
centromere specific histone H3 variant CENP-A, resulting in a 
chromosome loss phenotype.21,22 (2) Excess histones can poten-
tially swamp histone chaperones and histone modifying enzymes 
by binding to them and perhaps tying them up in futile catalytic 
cycles. We have previously obtained some evidence supporting 
this possibility by demonstrating that overexpression of certain 
histone chaperones can alleviate the toxicity due to histone over-
expression.10 (3) Excess histones can stick non-specifically to the 
DNA, thus affecting chromatin structure and thereby potentially 
altering gene expression. (4) Similarly, when present in excess, 
histones can stick to coding as well as non-coding structural 
and regulatory RNAs, presumably altering translation and other 
activities of RNA. It should be noted that the four potential 
mechanisms listed above are not mutually exclusive and it is very 
likely that one or more or all of these contribute to the delete-
rious effects of excess histones, although the relative contribu-
tion of each mechanism may vary. Here we have systematically 
explored the last three of the four mechanisms listed above and 
find that excess histones mediate their deleterious effects via mul-
tiple mechanisms in the budding yeast, largely by virtue of inap-
propriate electrostatic interactions with cellular macromolecules 
carrying the opposite charge.

Results

budding yeast mutants lacking certain histone modifying 
enzyme subunits are sensitive to the presence of excess his-
tones. There are many histone modifying and chromatin remod-
elling enzymes that often function as multi-subunit complexes. 
Further, many such activities have overlapping roles and func-
tion redundantly. We reasoned that some of these non-essential 
histone modifying activities might be sensitive to the presence 
of excess histones if one or more of these redundant activities 
were deleted from the cells. Hence, we screened several yeast 
deletion strains from the genome deletion collection (Open 
Biosystems) lacking subunits of non-essential chromatin modi-
fying factors for sensitivity to histone overexpression as described 

previously.10,11 We found that deletion strains corresponding to 
set2 (histone methyltransferase), hda2 (histone deacetylase), 
sas3 (catalytic subunit of the NuA4 histone acetyltransferase 
complex) and taf14 (a subunit of INO80 and SWI/SNF chro-
matin remodelling complexes, NuA4 histone acetyltransferase 
complex, as well as TFIID and TFIIF transcription factor com-
plexes) were sensitive to overexpression of histone H3 (fig. 1a), 
consistent with the idea that in these strains the absence of one 
histone modifying factor places undue burden on the remaining 
histone modifying activities still available in the cell, which are 
quickly overwhelmed upon histone overexpression, as verified by 
Western blotting (fig. 1b). A caveat in our studies is that most of 
our experiments involve overexpression of just one core histone, 
while situations involving the generation of excess endogenous 
histones presumably include all four core histones in excess and 
may not be fully comparable to our experiments. However, in all 
the experiments that we have repeated using co-overexpression of 
two or four core histones10 (sup. fig. 1a and data not shown), we 
have obtained similar results.

excess histones do not appear to alter the bulk nucleosomal 
structure but lead to subtle alterations in the fine structure of 
chromatin. If excess histones could stick non-specifically to the 
DNA, it is possible that they can alter the gross and fine struc-
ture of chromatin. In vitro, even a slight stoichiometric excess 
of histones over DNA is sufficient to trigger chromatin aggrega-
tion and block transcription.23 Hence, we next tested if overex-
pression of histone H3 affects chromatin structure in vivo. For 
this we analyzed the chromatin structure of cells with or with-
out histone overexpression following cleavage with micrococcal 
nuclease that cleaves in between nucleosomes and provides low 
resolution information regarding the underlying bulk chromatin 
structure.24 We found that overexpression of histone H3 did not 
result in any significant changes in the bulk chromatin structure 
and the nucleosomal ladder generated by micrococcal nuclease 
cleavage was intact (fig. 2a). However, we did notice a subtle 
but reproducible decrease in the nucleosomal repeat length by 
~10–15 bp upon histone H3 overexpression, suggesting that the 
nucleosomes were closer together and that the internucleosomal 
linker length was reduced. We also analyzed the micrococcal 
nuclease cleavage pattern in detail at two loci using indirect end-
labelling analysis using primer extension.25 As opposed to the 
largely unaltered bulk nucleosomal ladder, end-labelled primers 
specific for the mating type MATa locus and the RDN (ribosomal 
DNA) locus revealed significant alterations in the micrococcal 
nuclease cleavage patterns at both these loci (fig. 2b). Similar 
results were obtained for the actin (ACT1) locus (data not 
shown). Several micrococcal nuclease cleavage sites are blocked 
while a few new cleavage sites are generated following histone 
H3 overexpression, suggesting that although the bulk chroma-
tin structure is unaffected, subtle alterations in the fine structure  
of chromatin may be widespread in the presence of excess 
histones.

We decided to confirm the alterations in the fine structure of 
chromatin upon histone overexpression using high resolution in 
vivo cleavage of the chromosomal DNA upon the galactose induc-
ible expression of DNase I26 that cleaves in the minor groove of 



4238 Cell Cycle Volume 9 Issue 20

DNA and hence exhibits a ~10 bp period-
icity of cleavage on naked DNA, although 
DNA bound to proteins shows consider-
able protection from cleavage. Indirect 
end-labelling analysis using primer exten-
sion25 of DNA cleaved with DNase I in 
vivo confirmed our results obtained with 
micrococcal nuclease and clearly showed 
that the fine structure of chromatin at all 
the three loci (MATa, ACT1 and RDN) 
analysed was significantly altered upon his-
tone H3 overexpression (fig. 3). Control 
experiments using microscopy and immu-
noprecipitation techniques clearly showed 
that the overexpressed histone was present 
in the nucleus and was largely associated 
with the chromatin (data not shown). 
Although we have not yet attempted to 
deduce the exact nature of the changes 
in chromatin structure that are detected 
by the altered nuclease cleavage patterns 
upon histone overexpression, it is possible 
that any such alterations in the fine struc-
ture of chromatin could potentially affect 
DNA transactions such as transcription.

overexpression of histone gene pairs, 
but not individual histones, results in the 
alteration of transcript levels of numer-
ous genes. To directly assay if the bind-
ing of excess histones to chromatin alters 
the levels of yeast transcripts, we used a 
microarray based analysis of genome-
wide gene expression.27 Transcripts cor-
responding to 5,849 budding yeast genes 
were analyzed before and after histone 
overexpression using Nimblegen’s Saccharomyces cerevisiae 4 x 
72 K array as described in the Materials and Methods section  
(fig. 4). Surprisingly, although overexpression of histone 
H3 alone results in significant toxicity in cell viability assays  
(fig. 1a)10,11 and alters the fine structure of the chromatin  
(figs. 2b and 3), it did not alter transcript levels beyond the 2-fold 
threshold for significant changes that we had arbitrarily chosen 
for our microarray experiments (fig. 4a and d). Nevertheless, 
overexpression of the histone H3 and H4 gene pair resulted in 
a more than 2-fold change in the transcript levels of ~225 genes 
(fig. 4b and d and sup. table 1), while overexpression of all 
four core histones resulted in a significant alteration of ~240 
transcripts (fig. 4c and d and sup. table 2). About 40% of 
the transcripts significantly upregulated upon the overexpression 
of all core histones were also upregulated upon the overexpres-
sion of the H3-H4 gene pair alone (sup. table 3). Several of 
the transcripts altered upon histone gene pair overexpression cor-
respond to essential genes and these may have a significant nega-
tive impact on cell viability and thus contribute to the cytotoxic 
effects of excess histones. However, histone overexpression results 
in the alteration of only ~4% of the budding yeast transcriptome, 

which is different compared to the results obtained from the con-
verse microarray experiment involving depletion of histone H4, 
where a substantial fraction (~25%) of the yeast transcriptome 
was found to be affected.28

Interestingly, further analysis of our microarray data revealed 
that about 40% of the open reading frames (ORFs) whose tran-
script levels are significantly affected by histone overexpression 
are located in “mini clusters” of mainly 2, but occasionally up to 
3–4 ORFs that lie adjacent to each other either on the Watson or 
the Crick strand and appear to be co-ordinately regulated (sup. 
tables 1–3). Further, the majority (~70%) of these mini clusters 
are located relatively close to the telomeres and sometimes the 
centromeres (i.e., the distance between the mini cluster and the 
telomere or centromere is less than a third of the total length 
of the chromosome arm on which the cluster is located). One 
such mini cluster comprises of ORFs (YKR079C, YKR080C, 
YKR081C) that are upregulated 2–3 fold upon the overexpres-
sion of the H3-H4 gene pair and is located on chromosome XI 
relatively close to the telomere. A mini cluster that is downregu-
lated 2–3 fold upon the overexpression of the H3-H4 gene pair is 
located on chromosome XIV relatively close to the telomere and 

Figure 1. yeast cells lacking histone modifying enzyme subunits are sensitive to histone over-
expression. (A) Sensitivity of mutant yeast cells lacking histone modifying enzyme subunits to 
histone overexpression. Wild type (WT) or the indicated mutant strains were transformed with a 
plasmid carrying galactose inducible HA-epitope tagged H3 (pyES2-HTH-HHT2) or the empty vec-
tor (pyES2-HTH).11 The rad53Δ strain carries the crt1Δ as well to suppress the loss of viability due 
to the essential nature of Rad53.46 10-fold serial dilutions of the indicated strains were plated on 
glucose or galactose media and incubated for 3 days at 30°C prior to being photographed.  
(B) Histone H3 overexpression in yeast cells lacking histone modifying enzyme subunits. Four in-
dependently isolated transformants for each of the indicated mutant strains carrying the plasmid 
pyES2-HTH-HHT2 were grown overnight in minimal media lacking uracil and with raffinose as the 
carbon source. Cells were then treated with galactose for 90 minutes prior to harvesting 10 million 
cells per sample. Whole cell lysates were prepared by the alkaline lysis method47 and processed 
for Western blotting to detect both the endogenous and overexpressed epitope-tagged histone 
H3 using the H3-C polyclonal antibody as described previously.10,11 Asterisks indicate the transfor-
mants used in the experiment shown above in (A).
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(HA-H3) overexpression in a strain carrying a FLAG-tagged 
chromosomal HHT1 gene encoding FLAG-H3 as well. Using 
real time quantitative Polymerase Chain Reaction (qPCR), we 
clearly detected enhanced binding of the overexpressed histone 
HA-H3 to transcripts from three loci (ACT1, MATa, endog-
enous histone HHT1 as well as a mixture of endogenous and 
exogenous histone HHT2) that we assayed for (fig. 5), suggest-
ing that excess histones are capable of binding to RNAs in vivo 
and potentially altering their activities. Further, no signal was 
obtained in control qPCR carried out following RNaseA treat-
ment of the immunoprecipitated material, as well as when the 
Reverse Transcriptase was left out of the reaction, clearly dem-
onstrating that the signals obtained are the result of the genuine 
binding of histones to RNA. In the same experiment, the binding 
of endogenous FLAG-H3 (that was not overexpressed) to RNA 
was barely above the background, suggesting that under normal 
conditions endogenous histones are not very likely to bind to 
RNA and potentially alter its functions.

Discussion

excess histone levels mediate cytotoxicity via multiple mecha-
nisms. We have presented evidence here to suggest that the pres-
ence of excess histones negatively impacts numerous cellular 
processes via multiple mechanisms based largely on potential 
electrostatic interactions between the highly positively charged 
histones and negatively charged molecules in the cell. Mutant 
yeast cells such as rad53Δ, tom1Δ and ubc4Δ ubc5Δ that are 
defective in the regulation of histone protein levels and harbor 

Figure 2. Histone overexpression does not affect the bulk chromatin structure but alters the fine structure of chromatin. (A) Micrococcal nuclease 
digestion of bulk chromatin. MNase cleaved DNA isolated from cells in the presence or absence of histone overexpression was purified as described in 
the Materials and Methods section. This DNA was then resolved on a 2% agaorse gel and stained with ethidium bromide to visualize the nucleosomal 
ladder. The positions of mono-, di-, tri- and tetra-nucleosomes are indicated. (B) Analysis of chromatin structure at specific loci using MNase cleavage. 
The MNase digested genomic DNA purified above in (A) was used as a template for analysis by indirect end-labeling with multiple cycle primer exten-
sion25 using 32P-end-labeled primers specific to the MATa and RDN loci to perform linear PCR. The reaction products were resolved on a 5% denaturing 
polyacrylamide gel which was processed for autoradiography. On the right hand side of the parts, a “-” sign indicates loss of a MNase cleavage site 
while a “+” sign indicates the gain of a site upon GAL-HTH-H3 overexpression.

comprises of genes (YNR056C, YNR057C, YNR058W) that are 
involved in biotin biosynthesis and whose expression maybe sen-
sitive to iron levels. Another telomere proximal mini cluster can 
be found on chromosome XV and comprises of genes that appear 
to be involved in iron metabolism (YOR382W, YOR383C, 
YOR385W) and are downregulated more than 3-fold upon over-
expression of the H3-H4 gene pair as well as the overexpression of 
all core histones. These telomere proximal mini clusters of ORFs 
that appear to be either co-ordinately up or downregulated upon 
histone overexpression may represent loci with certain inherent 
chromatin structural features such as specific nucleosome posi-
tioning or occupancy that may be crucial for their regulated 
expression under normal conditions. As such, these loci would 
be particularly sensitive to changes in histone levels as these chro-
matin structural features could be readily altered upon histone 
overexpression.

excess histones can bind to rna. Alteration in the transcript 
levels of essential genes is unlikely to explain all of the cytotoxic 
effects of histone overexpression, since H3 overexpression results 
in cytotoxicity without affecting transcript levels and as such 
must be mediating its cytotoxic effects via other mechanisms. 
Due to the potentially high affinity of the positively charged his-
tones for negatively charged molecules, it is possible that apart 
from sticking to DNA, excess histones can also stick to RNA. 
To detect if this was indeed occurring in vivo, particularly in 
the case of H3 overexpression alone, we performed a RNA 
Immunoprecipitation (RIP) assay 29,30 similar to the popular 
Chromatin Immunoprecipitation (ChIP) assay in the presence 
and absence of galactose induced epitope tagged HA3-HHT2 
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excess endogenous histones, are very sensi-
tive to exogenous histone overexpression 
which is highly toxic for these cells.10,11 All 
these mutant strains are also sensitive to 
DNA damaging agents and exhibit genomic 
instability in the form of elevated chromo-
some loss rates. The data presented here 
allows us to finally explain the deleterious 
effects of excess histones not just in these 
mutants, but also in wild type cells. Excess 
histones can swamp the binding sites avail-
able on histone chaperones10 and then over-
load histone modifying enzymes. This can 
have serious consequences for the normal 
regulation of gene expression and the for-
mation/maintenance of epigenetic marks 
on histones. Not surprisingly, cells lack-
ing certain histone modifying enzymes 
were sensitive to histone overexpression  
(fig. 1a). Further, the stability of histone 
posttranslational modifications would 
depend not only on the enzymes that put 
them on and remove them, but also on the 
stability of the histone proteins themselves. 
For example, until the discovery of the first 
histone lysine demethylase a few years ago,31 
histone methylation marks were considered 
to be as stable as histone themselves.32,33 There 
is a constant exchange of histones between 
the chromatin bound and free states as a result of transcriptional 
eviction,34,35 the action of chromatin remodelling factors36 and 
the opposing effects of chromatin assembly and disassembly.37-38 
We have recently obtained evidence that the tyrosine 99 residue 
of histone H3 may be phosphorylated only when histone H3 is 
not bound to the chromatin and this modification may serve as 
a mark to target this histone for degradation.11 Hence, our find-
ings regarding the degradation of non-chromatin bound his-
tones10,11 may have wide-ranging ramifications for the stability 
and maintenance of epigenetic marks on histones in chromatin  
by providing an additional layer of regulation.

We also found that excess histones can alter the fine structure of 
chromatin. This could potentially impact all metabolic activities 
that require access to the DNA. Hence, we have now systemati-
cally analyzed the genome wide effects of excess histones on gene 
expression using microarrays. We found that although overex-
pression of histone H3 alone is toxic to the cells (fig. 1a)10,11 and 
alters chromatin fine structure, it did not result in an appreciable 
alteration of gene expression (fig. 4a). However, overexpression 
of the H3-H4 gene pair or simultaneous overexpression of all 
four core histones lead to a significant alteration in the expres-
sion levels of 4% of the budding yeast genome, including sev-
eral genes that are essential for viability. This difference between 
overexpression of H3 alone or in combination with H4 may be 
due to the fact that histones are deposited on to the DNA as pairs 
of H3-H4 and H2A-H2B dimers.39 Hence, although overexpres-
sion of H3 alone may lead to its non-specific association with the 

DNA, this association may not be very strong in vivo and as such 
it may not prove to be a significant obstacle for the transcriptional 
machinery. On the other hand, (H3-H4)

2
 tetramers and the core 

histone octamer are known to associate tightly with the DNA 
and so upon the overexpression of the H3-H4 gene pair or all 
the core histones, it is likely that these excess histones will form 
chromatin structures that may present a significant challenge to 
the transcriptional machinery40 and our microarray data appears 
to support this notion. Overall, our microarray data suggests that 
although excess histones are capable of altering the expression of 
a small fraction of yeast genes that probably contributes to their 
deleterious effects in vivo, the fact that H3 overexpression does 
not alter gene expression and is still highly toxic strongly argues 
that the other mechanisms discussed here are likely to be mediat-
ing most of the cytotoxic effects of excess histones.

Numerous studies in recent years have revealed the dynamic 
nature of chromatin structure, particularly in the context of 
transcription.36-38 Our microarray based analysis of yeast genes 
with altered expression patterns upon histone overexpression 
revealed that a significant number of them lie in small clus-
ters of 2–4 genes that are co-ordinately regulated (sup. tables 
1–3). These clusters could have unique chromatin features that 
may facilitate the normal regulated expression of genes within 
them. Such special chromatin features may include promoter 
regions with highly positioned nucleosomes or promoters and/
or coding sequences that are largely devoid of nucleosomes. A 
cursory survey of published data on nucleosome occupancy in 

Figure 3. Indirect end-labeling analysis of chromatin following in vivo DNase I cleavage. Ga-
lactose inducible DNase I was expressed in wild type cells either expressing or not expressing 
GAL-HA-H3 as described previously.26 The DNase I cleaved genomic DNA was purified and ana-
lyzed by indirect end-labeling with multiple cycle primer extension25 using a 32P-end-labeled 
primer specific to the ACT1 locus in addition to the primers for MATa and RDN loci described 
above in Figure 2B. The reaction products were resolved on a 5% denaturing polyacrylamide 
gel which was processed for autoradiography. On the right hand side of the parts, a “-” sign 
indicates loss of a DNase I hypersensitive site while a “+” sign indicates the gain of a site upon 
GAL-HTH-H3 overexpression.
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yeast35 suggests that this may be the case indeed with at least a 
few of the identified mini clusters. For example, the YNR056C, 
YNR057C, YNR058W cluster which is downregulated upon 
histone overexpression (sup. table 1) appears to have poor 
nucleosome occupancy in yeast based on published data.35 It is 
possible that histone overexpression results in a higher nucleo-
some occupancy in this region, thereby resulting in lower lev-
els of transcription consistent with our microarray data. On the 
other hand, the YOR382W, YOR383C, YOR385W cluster that 
is also downregulated upon histone overexpression appears to 

have well-positioned nucleosomes based on published genome 
wide nucleosome occupancy data.35 How exactly histone over-
expression brings about a reduction in the expression levels of 
ORFs within mini clusters that may have either poorly posi-
tioned or highly positioned nucleosomes is unclear. Future stud-
ies involving chromatin fine structure mapping will confirm if 
there are indeed common chromatin structural features within 
the identified mini clusters and reveal the exact nature of any  
chromatin structure changes at these loci upon histone 
overexpression.

Figure 4. Genome wide comparison of gene expression in wild type yeast cells upon overexpression of individual or pairs of histone genes. (A) Over-
expression of histone H3 alone does not result in appreciable changes in gene expression. Microarray analysis was carried out on total RNA isolated 
from the wild type W303-1A strains carrying either the empty vector or a galactose inducible histone H3 gene as described in the Materials and Meth-
ods section. A scatter plot is shown and illustrates the expression level of genes along the x- and y-axes representing transcript levels reflecting gene 
expression values on a log2 scale for the strains indicated. The three solid green lines represent fold-changes in transcript levels from the baseline, 
which is represented by the green line in the middle and indicates identical transcript levels in the two strains being compared. The upper solid green 
line represents a two-fold increase in transcript levels, while the lower green line represents a two-fold reduction in transcript levels. The dashed 
purple line is the linear regression with the coefficient of correlation R2 indicated on the bottom right corner. Each transcript is represented by a color 
coded data point to reflect where it is in comparison to the middle green line, with red color for upregulated transcripts and blue color for downregu-
lated transcripts (the darker the color, the greater the fold-change in the transcript levels). Only the transcript levels of the overexpressed histone H3 
(HHT2) was significantly elevated in this experiment and the corresponding data point is indicated by the arrow. (B) Changes in gene expression upon 
co-overexpression of the histone H3-H4 gene pair. Scatter plot for the indicated strains as in (A). (C) Changes in gene expression upon simultaneous 
overexpression of all four core histones. Scatter plot for the indicated strains as in (A). (D) Summary of the gene expression data derived from microar-
ray analyses. The number of transcripts altered two-fold or more upon overexpression of different histones is summarized in a tabular form.
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Another intriguing feature of the identified mini clusters is 
their telomere (and occasionally centromere) proximal localiza-
tion. This is reminiscent of the effect of histone H4 depletion 
where ~50% of the genes within 20Kb of the telomeres were pref-
erentially derepressed, compared to derepression of just 15% of 
the genes genomewide.28 Any special chromatin features in these 
clusters may be related to their relative proximity to the telomeres 
(or the centromeres) that are known to have specialized chroma-
tin structures, although these are not normally known to spread 
over ~20 Kb from the telomeres in the budding yeast and the 
closest mini clusters are at least that far away from the telomere.41 
Another possibility is that histone overexpression may result in 
their excessive association with certain loci where they may not 
be present normally and this in turn may lead to their silenc-
ing by the recruitment of Sir proteins, perhaps via subsequent 
localization of these loci to the nuclear periphery.42 Future studies 
will reveal whether the relative telomere proximal location of the 
mini clusters affected by histone overexpression has any func-
tional significance.

As opposed to the potential alterations in transcription caused 
by excess histones, the process of transcription itself may generate 
excess histones if the reassembly of the transcriptionally evicted 
histones onto the chromatin is blocked, as in conditional spt16 
mutants, where the evicted histones are presumably subjected 
to Rad53 mediated histone proteolysis.43 In fact, during the G

1
 

phase of the cell cycle, the presence of excess transcriptionally 
evicted histones in the spt16 mutants or exogenously expressed 
histones in wild type cells triggers the downregulation of the G

1
 

cyclin CLN3, leading to a delay in S-phase entry. Contrary to 

a situation of histone excess, it has also been suggested that a 
lack of adequate histones due to sub-optimal histone pre-mRNA 
processing may also trigger a similar G

1
 arrest.15 Hence, eukary-

otic cells may have evolved surveillance mechanisms similar to 
known cell cycle checkpoints to protect them from the harmful 
effects of both excess histone accumulation as well as a scarcity 
of histones. These mechanisms delay S-phase entry by prolong-
ing the G

1
 phase of the cell cycle, presumably to provide cells 

with additional time to either degrade excess histones or increase 
histone mRNA production as needed prior to S-phase entry and 
start of replication, when excess or inadequate amounts of his-
tones could potentially be highly detrimental for the cells.

Additional problems due to the presence of excess histones 
may arise from the translational defects occurring as a result 
of these histones binding to coding RNAs (fig. 5) and inter-
fering with their translation. Further, since the majority of the 
RNAs in the cell are structural ribosomal RNAs (rRNAs) that 
are crucial for ribosome function, their non-specific interaction 
with excess histones would serve as a double setback for ongo-
ing protein synthesis in the cell. Hence, it is not surprising that 
overexpression of histones is highly toxic and confers lethality in 
mutants such as rad53Δ that cannot efficiently degrade excess 
histones.10 This lethality probably represents the cumulative 
effects of excess histones by the various mechanisms discussed 
above. In fact, even wild type yeast cells experience ~20% lethal-
ity upon histone overexpression (data not shown) and exhibit 
genomic instability in the form of enhanced rates of chromosome 
loss.10,11,20 Genomic instability is characterized by the increased 
rate of acquisition of alterations in the genome and is associated 

Figure 5. Excess histones can bind to RNA. An exponentially growing yeast strain with a FLAG epitope on the chromosomal HHT2 gene (FLAG-H3) and 
carrying the plasmid pyES6/CT-HA3-HHT2 for galactose inducible HA3-H3 overexpression was treated with or without galactose prior to perform-
ing RNA immunoprecipitation (RIP) using FLAG or HA antibodies as described in Materials and Methods. The amount of ACT1, MATa, HHT1 and HHT2 
transcripts co-immunoprecipitated using the FLAG and HA antibody beads in the absence of galactose mediated histone overexpression (i.e., the 
background signal) was arbitrarily set to “1” and the relative binding of HA-H3 to these RNAs upon the addition of galactose is shown here. No signal 
above background was obtained in control qPCR carried out following RNaseA treatment of the immunoprecipitated material, as well as when the 
reverse transcriptase enzyme was left out of the reverse transcription reaction used to generate the cDNA for qPCR analysis. Error bars represent stan-
dard error of the mean from three experiments.
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with most human cancers.44,45 Taken together, these data sug-
gest that improper histone stoichiometry and aberrant chromatin 
structure may contribute to genomic instability and carcinogen-
esis. As such, our studies highlight the potentially crucial role of 
proper histone stoichiometry and chromatin structure as well as 
multiple histone regulatory mechanisms in maintaining viability 
and genomic stability.

Materials and Methods

yeast strains, plasmids and western blotting. Yeast strains are 
listed in supplemental table 4 in the supplemental material 
section provided with the electronic version of the manuscript. 
Plasmid pYES2-HTH-HHT2 has been described previously11 
and was used for the galactose induced overexpression of epit-
ope-tagged histone H3 to assay the sensitivity of yeast mutants 
to histone overexpression in figure 1, as well as for histone H3 
overexpression to monitor the effects on chromatin structure in 
figure 2. Plasmid pSUN1 has been described elsewhere26 and 
was used for galactose mediated DNaseI expression in the in vivo 
footprinting experiment described in figure 3. Plasmids pYES6/
CT-HA3-HHT2 and pYES6/CT-HA3-HHF2 carry galactose 
inducible H3 and H4 genes respectively sub-cloned between the 
BamHI and XbaI sites in the multiple cloning site of the high 
copy 2 μ based plasmid with a Blasticidin selectable marker 
(pYES6/CT from Clontech). Plasmid pHM90 was a gift from 
Dr. Hiroshi Masumoto and carries a construct for the galac-
tose inducible overexpression of the H3-H4 gene pair (GAL1-
10-FLAG-HHT1-HHF1) upon integration at the TRP1 locus, 
as in the microarray experiments in figure 4. Dr. Mary Ann 
Osley generously provided p67 (CEN-HIS3-GAL1-10-FLAG-
HTA2-HTB2), a low copy plasmid for the galactose inducible 
overexpression of the H2A-H2B gene pair, which was used in 
our microarray experiments shown in figure 4. Our antibod-
ies and western blotting procedure have been described in detail 
elsewhere.10,11

chromatin structure analysis by nuclease digestion and 
primer extension. Wild type W303-1A cells carrying the empty 
vector pYES2-HTH or the pYES2-HTH-HHT2 plasmid were 
grown overnight in minimal media lacking uracil and with raf-
finose as the carbon source. Equal amounts of cells were then 
treated with 2% galactose for 4 hours to induce histone H3 
overexpression (GAL-HTH-H3) following which they were 
fixed with 1% formaldehyde for 15 minutes. For each sample, 
nuclei isolated from 250 million cells were digested with 1 unit 
of micrococcal nuclease (MNase) for 10 minutes at 37°C in the 
presence of 1 mM CaCl

2
 as described previously.24 Following 

MNase cleavage, the formaldehyde crosslinks were reversed and 
the cleaved DNA was purified by phenol/chloroform extraction 
followed by ethanol precipitation. The purified DNA was used 
as such for analysis by agarose gel electrophoresis (fig. 2a) and 
primer extension (fig. 2b). Primer extension of the MNaseI 
digested DNA was carried out essentially as described previ-
ously25 using linear polymerase chain reaction (PCR).

For the analysis of chromatin fine structure upon histone over-
expression using in vivo footprinting,26 wild type W303-1A cells 

carrying either the pSUN1 plasmid alone or in combination with 
the pYES6/CT-HA3-HHT2 plasmid were used. The cells were 
grown in minimal media lacking the appropriate selection mark-
ers and raffinose as the carbon source, prior to overnight treat-
ment with 2% galactose. 250 million cells were then harvested 
for each sample and the DNaseI cleaved DNA was purified by 
phenol/chloroform extraction followed by ethanol precipitation. 
The DNA was then digested to completion with the restriction 
endonuclease StyI and re-purified as before prior to use in primer 
extension reactions as described previously.25

microarray analysis. Wild-type W303-1a yeast cells har-
bouring an empty vector (pYES2-HTH);11 a high copy plasmid 
(pYES2-HTH-HHT2)11 for galactose inducible histone H3 over-
expression (GAL-H3); an integrated construct (pHM90) for 
galactose inducible H3-H4 gene pair (GAL-H3-H4); or GAL-
H3-H4 plus a low copy plasmid (p67) for the galactose inducible 
expression of H2A-H2B gene pair (GAL-H2A-H2B-H3-H4) 
were grown to a density of 10 million cells per ml in minimal 
media lacking appropriate selection markers. Galactose was 
then added to a final concentration of 2% for 4 hours to induce 
histone overexpression prior to harvesting 50 million cells for 
extraction of total RNA using the RNeasy kit from Qiagen fol-
lowing the manufacturer’s instructions. After appropriate qual-
ity control analysis of the extracted RNA (on BioRad’s Experian 
Automated Electrophoresis system), the RNA was reverse tran-
scribed using random hexamers to generate cDNA. The cDNA 
was then labelled and hybridized in duplicate to the Nimblegen 
Saccharomyces cerevisiae 4 x 72 K array following instructions 
provided in the Nimblegen Arrays User’s Guide. The array was 
scanned and hybridization signals from the histone overexpres-
sion samples were normalized to the signals obtained from the 
empty vector sample. The raw data was analyzed using ArrayStar, 
before exporting it to Microsoft Excel for presentation.

rna immunoprecipitation (riP). The wild-type yeast 
strain (YAG1021) carrying a FLAG-tagged endogenous H3 
gene (FLAG-HHT2) at its normal chromosomal location along 
with the pYES6/CT-HA3-HHT2 plasmid for galactose induc-
ible HA3-H3 overexpression was used for the RIP experiments. 
This strain allows us to detect the binding of endogenous levels of 
epitope tagged H3 (FLAG-H3) to RNA in the absence of galac-
tose, while in the presence of galactose it permits the detection 
of the binding of overexpressed HA3-H3 to RNA. Cells were 
grown overnight in 100 ml of rich media with raffinose as the 
carbon source and Blasticidin as the selection antibiotic until 
they reached a density of 10 million cells/ml. Equal amounts of 
the culture was then treated with or without 2% galactose for 
4 hours prior to addition of 1% formaldehyde to the culture 
media to allow crosslinking of proteins to nucleic acids for 15 
minutes. Crosslinked cells were harvested to prepare whole cell 
extracts that were sonicated and treated with RNase-free DNase 
I to digest all DNA. Then RNA immunoprecipitation (RIP) 
was carried out using equal amounts of whole cell extracts essen-
tially as described previously30 with a minor modification. To  
absolutely ensure complete removal of any contaminating DNA 
in our RIP experiments, we initially treated the whole cell extracts 
with RNase-free DNaseI and followed this up with a second 
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round of DNaseI treatment of the material immunoprecipitated 
by the antibody beads as well. FLAG antibody beads were used 
to immunoprecipitate (IP) endogenous FLAG-H3 (FLAG IP), 
while HA antibody beads were used to IP the exogenously overex-
pressed HA3-H3 (HA IP). The RNAs immunoprecipitated with 
the antibody beads were recovered after reversing the formalde-
hyde crosslinks and reverse transcribed to give cDNAs that were 
quantified by real time quantitative PCR (qPCR) using primers 
and probes specific for transcripts arising from the ACT1, MATa, 
HHT1 and HHT2 loci.
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