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Dynamic chromosomes

Variations in DNA packaging
The long strands of DNA present in each cell need to be packaged into a 
structure to fit in an organized manner in the limited space available in the 
nucleus. At the same time, the genome needs to be accessible for processes 
such as transcription, replication and repair. Packaging involves wrapping 
about 147 bp of DNA around an octamer of histone proteins, consisting of two 
copies of each of the core histone proteins H2A, H2B, H3 and H4, together 
called a nucleosome. Nucleosomes, the basic building blocks of chromatin, 
form a beads-on-a-string structure that can be compacted into higher order 
chromatin with the help of linker histone H1 and other proteins that directly or 
indirectly bind DNA, histones, or nucleosomes. The compaction of chromatin 
influences the accessibility of the DNA; open chromatin is more accessible to 
transcription factors and can therefore be more easily transcribed, a closed 
chromatin structure is less accessible and also generally transcriptionally less 
active. 

Although the basic building blocks of chromatin are more or less similar 
throughout the genome, chromatin can occur in many different variations and is 
a very dynamic structure. Compaction of the chromatin can be affected by post-
translational modification of histone proteins such as acetylation, methylation, 
phosphorylation and ubiquitination. There are numerous modifications found 
on all histones at many different residues, in different combinations. Many 
enzymes have been discovered that either modify (“writers”) or demodify 
(“erasers”) histones. Over the years histone modifications have been found to 
be involved not only in compaction, but in many cellular processes including 
DNA repair and transcription. Post-translational modifications on histone 
proteins can affect chromatin function by different mechanisms. Some marks 
can directly affect the chromatin compaction; others act via the recruitment of 
protein-domains that specifically recognize a modified state of a given residue 
on the nucleosome (“readers”, Fig. 1). 
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Figure 1: A. Histone can be modified and demodified by many enzymes (modifications 
are portrayed by the small colored icons). Histone turnover results in the replacement 
of a histone protein including its modifications by a new unmodified histone. Writers can 
modify histones, erasers can demodify histones. B. Readers are proteins that can bind to 
histones modified at specific residues. If a reader binds a writer, binding to a modification 
can lead to modification on adjacent histone proteins. 

Crosstalk between euchromatin and heterochromatin
In literature, post-translational modifications are often divided into two classes: 
active modifications, which occur in regions associated with active transcription 
(euchromatin), and silent or repressive modifications, which occur in regions 
that are transcriptionally less active (heterochromatin or silent chromatin). 
However, recent studies suggest that this classification may be too simple. For 
example, some marks are found in active as well as repressed regions, some 
marks in active regions act by repressing transcription from cryptic promoters, 
and, changes in ‘active’ marks can also affect inactive regions. In S. cerevisiae 
heterochromatin formation takes place at the telomeres, the silent mating type 
loci and the ribosomal DNA repeats. It is formed by the binding of silencing 
proteins (Sir2/3/4) to DNA elements called silencers, from which the Sir proteins 
can spread along the chromosome arm to silence adjacent regions (reviewed in 
1). In a genetic screen in yeast Dot1 was found to regulate silencing. Although 
deletion of Dot1 affects heterochromatin, it was shown to methylate histone 
H3 lysine 79 (H3K79) on ~90% of all histones in euchromatin2. Furthermore, 
although Dot1 promotes silencing, methylation of H3K79 negatively affects the 
binding of Sir3 to nucleosomes3-5. Together, the current genetic and biochemical 
data suggest that H3K79 methylation throughout euchromatin prevents Sir 
proteins from binding there, thereby restricting the limiting pool of Sir proteins 
to the heterochromatic regions. Several other enzymes involved in modifying 
euchromatic histones have similar effects and our genetic studies indicate that 
they act by independent pathways. Thus, several marks in euchromatin can 
affect the function of heterochromatin, indicating that histone modifications 
can have effects beyond the local recruitment of binding factors (Fig. 2 and 
Chapter 2). 
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Figure 2: The binding of Sir proteins to euchromatin is prevented by the presence of 
modifications in the euchromatin, leading to more efficient targeting of Sir proteins to 
heterochromatin.

Nucleosome rearrangements
Histone function is not only determined by chemical modification but also by 
the location in which histones are deposited. Nucleosome remodeling factors 
are ATP-dependent proteins that can move the histones to provide or block 
access to the DNA by regulatory proteins. Nucleosomes are more dramatically 
rearranged or disassembled during cell division when the DNA gets duplicated. 
The chromatin needs to be opened up for the replication machinery to replicate 
the DNA; behind the replication fork both strands of DNA will have to be packaged 
into a chromatin structure again. Similarly, the chromatin will be disrupted upon 
passage of the transcription machinery. All of these mechanisms add levels 
of complexity in the regulation and maintenance of the chromatin structure 
to coordinate many nuclear processes. Histones are positively charged, basic 
proteins that can easily bind erroneously to the negatively charged DNA. 
Therefore, the pool of free (non chromatin-bound) histones is limited to a 
minimum and bound by acidic proteins known as histone chaperones. They 
facilitate the assembly of nucleosomes and prevent erroneous interactions of 
histones. Histone chaperones are also involved in the disassembly and re-
assembly of nucleosomes during transcription and replication. In general, 
nucleosomes are assembled in an ordered series of events. First, an H3/H4 
tetramer is loaded onto the DNA. Second, the more mobile H2A/H2B dimers 
are loaded onto the half nucleosomes. Biochemical and genetic studies suggest 
that the different steps of assembly are performed by different chaperones6,7. 
However, the molecular mechanisms of histone assembly and disassembly, and 
how these differ between transcription, replication, and DNA repair are not well 
understood.
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Histone variants
In addition to the canonical histones, specialized histone chaperones can 
deposit variant histones8. In higher eukaryotes, for example, the histone 
variant H3.3 is assembled in transcribed genes and telomeres9-14. Whereas 
canonical histone H3 is tightly cell cycle regulated15 and deposited by chromatin 
assembly factor 1 (Caf1) during DNA replication16,  histone variant H3.3 is 
constitutively expressed15 and deposited independent of DNA replication by 
Histone Regulator A (HIRA or Hir complex in yeast)17 or Atrx10 throughout the 
cell cycle18. Whether the replacement of canonical histone H3 by H3.3 is a 
specific process to affect chromatin composition or whether it is merely a result 
of relative histone abundance and proximity of chaperones to the transcription 
machinery is not clear. Histone H3.3 and canonical H3 only differ by a few amino 
acids but the replacement affects the stability of the nucleosome. It has been 
suggested that these nucleosome-destabilizing properties could help promote 
and propagate an active chromatin state (reviewed in 9). Despite the small 
difference in protein composition between histone H3.3 and H3, the localization 
of the two proteins and the modification pattern is different. The canonical H3 
contains both ‘active’ and ‘silent’ modifications, whereas histone H3.3 seems 
to contain mainly active marks, which is in agreement with the localization 
in transcribed genes19. Other well known histone variants are the variant of 
canonical histone H2A, called H2AZ and the centromere specific variant of 
H3, called CENP-A in higher eukaryotes or Cse4 in yeast. Both these variants 
have a specific location in the genome, often with a specialized function, such 
as Cse4 at the centromere and H2AZ in nucleosomes around transcription 
start sites8. H2AZ is found at the promoters of 63% of yeast genes20. Having a 
combination of both H2AZ and H3.3 in one nucleosome makes the nucleosome 
very unstable and sensitive to salt disruption. This combination was suggested 
to be the cause of the widely observed nucleosome free region in promoters of 
active genes12,21. 

Cellular memory
The tight association between histone post-translational modifications (PTMs) 
and gene regulation has led to the suggestion that histone PTMs can act as 
epigenetic signals to facilitate the propagation of gene expression states. To 
maintain cell identity by chromatin-based mechanisms, daughter cells need 
to rapidly re-establish the parental epigenetic patterns following deposition 
of new unmodified histones on the duplicated DNA. Indeed, some PTMs, such 
as histone methylation, are relatively stable and several copy mechanisms or 
mitotic bookmarking strategies seem to be available22,23. However, how PTMs 
are reproduced following chromosome duplication and transmitted from one 
cell generation to the next is still unclear.
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Classic pulse-chase assays and in vitro replication studies suggest that 
during DNA replication histone octamers segregate to the two daughter strands 
randomly24 and that new histones come in to complement the duplicated 
amount of DNA to be compacted. At a bulk level, nucleosomes do not seem to 
split to segregate two modified histone proteins from one parental nucleosome 
to the two daughter strands25-28. To maintain existing histone modification 
patterns, one possibility is that new histones will be modified according to the 
neighboring histones whereby the old histones act as templates for the new 
histones. Proteins that are able to recognize a histone modification pattern 
(readers) can recruit the matching histone modifier (writer) to copy the 
modification present on the old histone to the adjacent new histone (Fig. 1B). 
Some of the best studied candidates for epigenetic memory are the polycomb 
proteins. Polycomb proteins occur in two protein complexes involved in the 
histone H3 lysine 27 methylation (H3K27me)29 and histone H2A ubiquitination 
(H2AK119Ub)30. These modifications are involved in repressing gene expression 
throughout development. The presence of H3K27me on histones attracts the 
binding of Polycomb group proteins, which can lead to further methylation of 
neighboring histones29. This suggests that cellular memory requires a process 
in which old histones need to be maintained in a region to inform new histones 
and binding proteins. Some other examples of cellular memory do not involve 
histones but involve cytoplasmically transmitted proteins that perpetuate their 
own production by feed-back loops31. For example the GAL1 induction system 
has been used many times to measure the effect on transcriptional memory, but 
it was found that re-induction after repression of transcription was dependent 
on the abundance of cytoplasmic factor Gal331,32. Likewise, recently the Rine 
lab showed that the histone variant H2AZ, which was previously suggested to 
be required for cellular memory of GAL1 induction, actually was only required 
for transcriptional induction, not memory, since deletion of H2AZ lowers the 
amount of Gal1 protein33. 

A much simpler model for epigenetic inheritance would be a copy 
mechanism whereby nucleosomes (i.e. histone octamers) split into two 
equal halves and the information present on the old half of a nucleosome 
is recognized and copied to the new half. An example of a mechanism that 
maintains epigenetic features in such a way is the duplication of symmetrically 
methylated DNA, where DNA methyltransferase 1 (DNMT1) recognizes the 
hemimethylated pattern present on the DNA after replication and copies it to 
the newly synthesized unmethylated strand34. There are several indications 
that, at least for part of the genome, histone octamers might also be duplicated 
by a semi-conservative mechanism. First, free histones H3 and H4 can occur 
as heterodimers and histone chaperone Asf1 binds one copy of H3/H4 at the 
location where the two H3 molecules are attached in the H3/H4 tetramer35. 
Second, Tagami et al. showed that the histone variants H3.1 or H3.3 can be 
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bound to assembly complexes as H3/H4 dimers, not tetramers36. Third, pulse-
chase SILAC studies suggest that some mixing of old and new histones can 
occur in chromatin37.  Xu et al. used isotope labeling and mass spectrometry 
and found that nucleosomes can mix and that this occurs more frequently with 
histone variant H3.3 than canonical H3.1. However, this could be biased by 
isolation differences, since H3.1 tetramers are probably present in more dense 
chromatin37. The disadvantage of using mass spectrometry is that it can only 
determine bulk levels of mixing, not the locations where it occurs.

If histones play a central role in cellular memory, one prediction is 
that once placed on the DNA the histones stay at their location long enough to 
transmit the epigenetic information. However, chromatin is more dynamic than 
previously anticipated. In addition to the replacement of canonical histones 
by histone variants, whole nucleosomes can be evicted in trans upon gene 
activation, such as promoter opening and closing of the PHO5 promoter upon 
phosphate starvation38. To understand the role of histone PTMs in cellular 
memory it will be important to determine the dynamic behavior of histones, 
their PTMs, and their binding proteins during DNA replication and mitosis. 
For example, very little is currently known about segregation of old histones 
under physiological conditions in vivo and about the stability of histones 
outside S-phase. Next we discuss techniques that are emerging to capture the 
dynamics and inheritance of histone proteins.

Techniques to detect histone dynamics and inheritance
Turnover of histones themselves has been studied using a variety of assays. 
One way commonly used for studying dynamics of proteins is Fluorescence 
Recovery after Photobleaching (FRAP). Using FRAP a certain region of the 
nucleus is subjected to bleaching by a laser, followed by measuring the speed 
with which the fluorescently labeled proteins exchange the bleached proteins. 
The speed of recovery is a measurement of the dynamics of exchange of 
the fluorescently tagged protein. FRAP has the advantage that the dynamic 
behavior and the localization of different chromatin proteins can be visualized. 
By performing FRAP in human cells it was found that histone H2B was very 
stable but more dynamically exchanged than histones H3 and H4. In fact, H3 
and H4 seemed immobile39. However, in order to use FRAP, proteins need to 
be tagged with a large fluorescent protein, in the case of histones much bigger 
than the histone proteins themselves. Furthermore, the tagged proteins were 
expressed on top of the highly expressed endogenous histone proteins. Whether 
the tagged proteins were fully functional and showed a random incorporation 
into chromatin is not known. Nevertheless, the GFP-tagged histones behave 
similar to untagged histones in terms of salt sensitivity and DNA size they 
bind, suggesting they are incorporated in chromatin39. One other way to follow 
histone dynamics is SILAC pulse-chase combined with mass spectrometry37,40. 
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A restriction of such pulse-chase methods and FRAP is that they can only be 
used to determine bulk dynamics and do not provide a biochemical handle to 
look at different genomic locations. 

A technique to measure histone deposition or turnover more recently 
used in yeast is the induction of expression of an epitope-tagged copy of a 
histone. This enables the detection of new histone deposition by chromatin 
immunoprecipitation (ChIP) compared to input DNA to measure relative 
signals. An improved approach was introduced by the Hörz lab using budding 
yeast, in which the endogenously expressed histone was also tagged but by a 
different tag41. The relative incorporation can be determined by comparing new 
versus existing histones, eliminating changes caused by nucleosome density 
differences. This approach was shown to be very powerful and was successfully 
applied by several labs to study replication-independent histone dynamics 
(local and genome wide)42-45. One limitation of this assay is that while the new 
histone is induced, the ‘old’ histone is still expressed in a cell-cycle regulated 
manner by the endogenous histone promoter. Therefore, after some time, a 
new steady state is reached between old and new histone proteins. One other 
caveat of this type of assay is that expression of the new histone protein is 
induced during cell-cycle phases that were previously reported to have only 
basal, if any, levels of histone synthesis. Histone expression is tightly cell cycle 
regulated; expression is most pronounced at the beginning of S-phase when 
DNA replication begins and terminated at the end of S-phase (reviewed in 46). 
Additionally it was shown that histones that are not incorporated during DNA 
replication need to be degraded or otherwise can become toxic to the cell47. 

A method called CATCH-IT (covalent attachment of tags to capture 
histones and identify turnover) was recently developed in Drosophila 
melanogaster S2 cells. This method does  not require epitope tags or protein 
overexpression and thereby provides a powerful method  to follow histones in 
their native state48. CATCH-IT makes use of the cotranslational incorporation 
of a methionine surrogate azidohomoalanine (aha), which can be coupled to 
biotin to pull out the aha incorporated proteins by streptavidin purification. 
Aha is incorporated in all Met-containing proteins. However, labeled chromatin 
fractions can be isolated by several stringent washes after which only H3/H4 
molecules remain. 

Recombination-induced tag exchange (RITE) 
To study the dynamic behavior of chromatin proteins, we developed an assay 
called Recombination-Induced Tag Exchange (RITE). This method makes use 
of the Cre-Lox system to switch from one encoded epitope tag in the genome 
to another by induction of Cre recombinase and recombination between two 
LoxP sites. In RITE tagging cassettes, a first LoxP site is part of the tag open 
reading frame, followed by an epitope tag, a stop codon, a selection gene, a 
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second LoxP site and a different epitope tag downstream. After integration of 
this cassette at the 3’ end of a coding sequence, the protein of interest will be 
tagged by the first tag until Cre recombinase deletes the first tag and selection 
gene. From then on, the protein will be tagged by the second tag (Fig. 3A). 
An advantage of this genetic pulse-chase method is that it allows biochemical 
purification of old and new histones and subsequent analysis of bound proteins 
and DNA. Other advantages are that 1) the genes of interest are not induced 
but expressed from their endogenous promoter, since the switch takes place 
at the C-terminus of the gene 2) the switch is permanent, allowing subsequent 
analysis of protein turnover under any condition of interest and over long 
periods of time, 3) the old and new proteins do not reach a new steady state, 
so the ratio of old to new protein is a direct measure of the absolute level of 
exchange.

RITE is a universally applicable tool to study the dynamic exchange 
of any protein in a macromolecular complex. We successfully applied RITE to 
histones as well as the essential and extremely stable proteasome. Although 
it is known that the proteasome degrades other proteins in the cell into small 
peptides, it is not known how the proteasome itself is degraded. Moreover, 
its stability makes it very difficult to study, since it will survive longer than 
most components of the cell. By using RITE cassettes with two different 
fluorescent protein tags, the stability of the proteasome could be determined 
by microscopy. In yeast, RITE cassettes can be easily targeted to any gene of 
interest because of the efficient homologous recombination in this organism. 
However, RITE should also be applicable to other organisms.

To study the stability of endogenously expressed histones we deleted 
one of the two genes encoding histone H3 and applied RITE to the one 
remaining copy of histone H3 to measure turnover. To allow time for the switch 
to take place in the genome, cells were arrested by starvation, and Cre was 
induced overnight. After release from the arrest by adding fresh media, cells 
were arrested before S-phase (G1). They were compared to cells arrested 
after one round of replication (G2/M), during which by definition at least half 
the old histones were replaced by new ones. We found that the amount of 
replication-independent turnover that took place during G1 arrest for 5 hours 
(the time cycling cells divide ~3 times) was almost equal to replacement after 
passage through S-phase (50% of the genome;  Fig. 3B). This surprisingly 
high amount of turnover suggests that histones have a very short residence 
time in the chromatin under these conditions. Although these cells were 
previously starved and could have a more pronounced transcriptional induction 
upon media refeeding, replication-independent exchange was also found in 
unsynchronized, cycling cells or in G1 cells without a prior G0 arrest (Chapter 
3; 42,43). 
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Figure 3: A. Schematic representation of Recombination-induced Tag Exchange (RITE). 
Cre recombinase catalyzes recombination between two LoxP sites (green triangles) and 
deletes the first epitope tag (HA) and the selection gene, activating the second epitope 
tag (T7) B. Schematic representation of replication-independent turnover found in the 
cell-cycle phases tested. Blue circles represent the old histones, red circles the new ones. 
The thickness of the arrows in G1 reflects different transcriptional activities.

General features of replication-independent turnover
Using both RITE and the inducible expression system histones H3/H4 were 
found to turn over rapidly. By mapping histone exchange over the length of 
genes it became evident that turnover preferentially takes place in promoter 
regions, to a lesser extent at 3’ intergenic regions, and even less in the body 
of genes42,43. In gene bodies, the amount of turnover generally does correlate 
with RNA polymerase II occupancy or transcription rates42-44. Using RITE 
we found that induction of transcription of the GAL1 gene leads to induced 
turnover, indicating that transcription caused histone exchange49 (chapter 
3). In promoters or transcription start sites (TSSs) histone turnover does not 
always correlate with transcription rate43. Dion et al. proposed that the high 
amount of promoter turnover provides a boundary for a transcriptional unit, 



C
h

ap
te

r 
1

Introduction and General Discussion

19

which cannot be explained solely by polymerase passing43. This phenomenon 
is similar to what Mito et al. suggested for H3.3 replacement in Drosophila S2 
cells to mark cis-regulatory domains14.  Interestingly, Drosophila cells show a 
different pattern of exchange than S. cerevisiae. Rather than turnover taking 
place mainly in the promoter region, in Drosophila, histones are mainly turned 
over in open reading frames, and at sites of reduced nucleosome occupancy, 
such as polycomb and trithorax binding sites14. Finally, in yeast, histones turn 
over more rapidly in G1 than G2/M or G0

49,50 (Fig. 3B and chapter 3). Relative 
replication-independent turnover rates were calculated per nucleosome in G1-
arrested42,43, G2/M-arrested50 and cycling cells43, but so far absolute levels 
of turnover could not be determined. Using the RITE assay, relative histone 
turnover can be followed by ChIP, and absolute bulk level turnover can be 
monitored by immunoblot analysis. Cells that have undergone one round of 
replication after a switch indeed contain approximately equal amounts of old 
and new histone H3. If bulk turnover rates and relative genome-wide turnover 
rates are determined on the same sample using RITE, the relative turnover 
rates as determined by ChIP can in principle be directly transformed into 
absolute values. 

The underlying mechanisms of histone exchange
Although it is becoming increasingly evident that chromatin is a dynamic 
structure that can rapidly turn the histones over, it is still largely unknown which 
mechanisms and factors facilitate histone turnover. To be able to understand 
what the relevance is of having a dynamic system that can constantly reset 
epigenetic information, we need to identify the players involved in this process, 
interfere with their function, and study the consequences thereof. Several 
factors are already known to play a role in chromatin assembly. For example, 
by using a cell free system to assemble SV40 chromatin, histone chaperones or 
nucleosome assembly factors were identified that can assemble or disassemble 
nucleosomes in vitro51. 

A prominent role in histone turnover in vivo was found for anti-silencing 
factor Asf1. Upon deletion of Asf1, global histone exchange was decreased and 
it was found that turnover in promoter regions was affected42,45,50. Asf1 is a 
histone chaperone that is involved in the stimulation of H3K56 acetylation by 
Rtt10952, which is believed to take place on soluble newly synthesized histones6,7. 
Deletion of Asf1 or Rtt109 both lead to a decrease in histone turnover, although 
deletion of Asf1 leads to a more severe decrease than deletion of Rtt109, 
suggesting Asf1 has a role additional to stimulation of H3K56 acetylation50. Asf1 
seems to act as an H3-H4 donor for Rtt106, the Hir and Caf1 complex, which in 
turn deposit histones onto the DNA replication-independently and dependently 
respectively (Fig. 4)7. Indeed, H3K56ac promotes binding of H3 to the Caf1 
complex and Rtt10653,54 and deletion of Rtt106, Caf1 or Hir1 also negatively 
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affects histone turnover55,56. Taken together, these proteins seem to act in a 
linear pathway where Asf1 stimulates acetylation of H3K56 by Rtt109, hands 
the acetylated histones over to either Caf1, or Rtt106 or Hir1 for nucleosome 
assembly by replication-dependent or independent mechanisms, respectively. 
However, whether these pathways are sufficient for efficient turnover and 
whether other factors are involved is unknown.

To identify additional histone turnover mechanisms, we set out to screen 
the library of yeast deletion mutants. Current techniques do not allow parallel in 
vivo turnover measurements, leading to laborious measurements on a mutant 
by mutant basis. To eliminate this restriction, we developed a novel screen that 
makes use of the barcoded yeast mutant library and enables the simultaneous 
analysis of multiple mutants. Our assumption was that chromatin of the DNA 
of the barcodes unique to each mutant reflects the global chromatin context 
in that mutant. In other words, if a protein is involved in modifying a histone, 
inactivating it might result in the loss of that modification on the barcodes. 
Previous studies on fitness phenotypes showed that abundance of individual 
clones can be quantified in a pool of mutant clones by quantification of barcode 
abundances by parallel sequencing57,58. Here we used a similar approach to 
quantify chromatin changes in pools of mutants by measuring the abundance 
of barcodes after a ChIP experiment. We combined this screen, which we call 
Epi-ID, with the H3-RITE elements enabling the detection of mutants affecting 
histone turnover. In a small pilot Epi-ID-RITE screen we found several mutants 
affecting turnover both positively and negatively (chapter 4). 

We found that the highly conserved histone acetyltransferase 1 
(Hat1) positively affects histone turnover. Hat1 was the first acetyltransferase 
found and was shown to acetylate non-nucleosomal, cytoplasmic histone H4 
on lysines 5 and 1259. This was suggested to be important for nucleosome 
assembly, since Caf1 was shown to bind to histone H4 with acetylated K5 and 
1216. The lysines are deacetylated after assembly in the chromatin60. Hat1, 
together with histone chaperone Hat2 (called the HATB complex), facilitates 
H4 acetylation in the cytoplasm, but their localization is mainly in the nucleus, 
where the HATB complex interacts with the nuclear Hat1 interacting factor 
1 (Hif1) together called the NuB4 complex61. The role of the NuB4 members 
in histone turnover or assembly thus far remained unknown. We found that 
although the acetyltransferase function of Hat1 is involved, target lysines H4K5 
and 12 are not sufficient. In addition, our results suggest that Hif1 plays a role 
in histone turnover that is independent of the role of Hat1 or Hat2, indicating 
that these three factors do not exclusively act via the NuB4 complex (Fig. 4). 
Further work needs to be done to determine what the mechanism of action of 
the separate complex members is in stimulating turnover. It was previously 
suggested that NuB4 hands over the newly synthesized, acetylated histones 
to Asf1, to further proceed to nucleosome assembly6,7. However, we found 
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that Hat1 and Asf1 have a different preference for binding to either old or new 
histones. Whereas Hat1 indeed bound mainly new histones, Asf1 could bind 
to both old and new with equal binding affinity. This suggests that the role of 
histone chaperones in nucleosome assembly is not a simple linear pathway and 
that Asf1 may also play a role in histone eviction, as was previously suggested 
by others62-64 (Fig. 4 and chapter 4).  

What is the function of histone turnover? It seems likely that cells 
maintain the ability to exchange histones for example in the case of DNA damage 
or during a more long-term arrest such as upon starvation or quiescence in 
higher eukaryotes. How does altered assembly or disassembly of chromatin 
affect the cell? Altering the speed of incorporation of histones by deleting Hat1, 
Hat2, or Hif1 did not affect gene expression or cell fitness in our studies. In 
future studies it will be interesting to combine mutations in histone turnover 
genes and to examine their growth properties and gene expression profiles 
under different (stress) conditions to determine the effect of impaired turnover 
on cell fitness. 

Figure 4: 
Interactions of different 
histone chaperones 
in the assembly of 
nucleosomes either 
replication-dependently 
(RD) or independently 
(RI). Blue circles 
represent old, red 
circles new histones.
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Histone inheritance and epigenetic memory
In addition to focusing on the deposition of newly synthesized histones in the 
absence of replication, we next turned to the question of the role of histones in 
cellular memory. Ideally, one would like to follow a single labeled nucleosome 
during the act of DNA replication in vivo. However, techniques to do this are not 
available yet. Therefore, we used RITE to monitor inheritance of old histones in 
replicating cells in vivo. Mapping histones in the genome after 1, 3 and 6 cell 
divisions showed several striking features of distribution of ancestral histones. 
First, the distribution of old histones is non-random. They are predominantly 
located at the 5’ end of almost all ORFs. Second, there is a positive 
correlation between retention of histones and gene length and a negative 
correlation with transcription. Third, there is no specific retention of histones 
at heterochromatic regions, such as the mating type loci or the telomeres. 
To better understand the mechanisms underlying the observed patterns and 
the changes over time, we developed a mathematical model to describe the 
data. The model included three key components. The first component is a 
nucleosome-specific replication-independent histone turnover parameter 
as measured previously using the inducible gene expression method43. The 
second component is a nucleosome specific value for pass-back by the passing 
RNA polymerase. The third component is diffusion of nucleosomes caused by 
DNA replication (Fig. 5A). Using this model several observations were made. 
1) The relative enrichment of ancestral histone retention in cycling cells is 
not merely a product of replication-independent histone turnover as we found 
it previously. 2) During replication, the majority of histones spread around 
400bp from their original location. This, to our knowledge, is the first attempt 
to narrow down a number for the distance of replication-coupled spreading 
in vivo. 3) RNA polymerase II passage during transcription leads to a 100 bp 
lateral 5’ movement of nucleosomes (Chapter 5). Our findings have several 
implications for mechanisms of epigenetic memory. First, nucleosomes do stay 
close to their original location but are not copied to the same location with high 
precision. Therefore, chromatin seems to be a sloppy carrier of information if 
the information is carried on a single nucleosome. However, if information is 
present on multiple nucleosomes, i.e. a chromatin domain, histones may be 
well suited to pass on their PTMs to the daughter cells. Second, the retrograde 
movement of histones indicates that PTMs may be transferred from 3’ to the 5’ 
end of a gene. If the mark is reversible, the cell may have to use demodifying 
enzymes to remove inappropriate marks. If a mark is stable, this suggests that 
lateral histone movement is an additional layer of regulation to shape patterns 
of histone PTMs in the cell. Indeed, locations of enrichment of ancestral 
histones are also enriched in H3K79 trimethylation, a mark of which we know 
from biochemical studies in our lab that it accumulates on old histones over 
time (manuscript submitted)(Fig. 5B and chapter 5).
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To understand the biological significance of the histone inheritance 
patterns it would be helpful to understand the mechanisms responsible. 
Bioinformatics analyses suggest a role for TFIID since SAGA-regulated genes 
show a much less prominent 5’ peak of retention than TFIID dominated genes. 
Furthermore, deletion of the histone H4 tail, a binding site for TFIID65,66, 
abolished the 5’ retention of old histones. Finally, we explored the role of 
supercoiling in front of and behind the polymerase by deleting topoisomerase 
I (Top1). Top1 is required to relax the DNA by resolving supercoiling upon 
transcription67. We found a reduced 5’ bias in retention upon deletion of Top1, 
indicating that resolving DNA topology before or after passage of a machinery 
influences the mobility and/or stability of nucleosomes. 

Figure 5: A. Graphic representation of the three components included in the mathematical 
model that shape the inheritance of ancestral histones: replication-independent turnover, 
replication-dependent spreading, and transcription-dependent lateral movement by pass 
back of RNA Pol II. Blue circles represent old histones, red circles represent new histones, 
purple circles are intermediates. B. A hypothetical representation of the contribution of 
the movement of old histones in shaping the modification pattern.
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Future perspectives 
Chromatin is a very dynamic structure that constantly turns over histones. 
The replacement of modified histones with new unmodified ones most likely 
results in a dynamic landscape of histone modifications. In replicating cells, old 
(modified) histones accumulate in a non-random manner. If they stably retain 
post-translational modifications, old histone retention can also shape histone 
modification patterns. Several questions remain to be answered. For example, 
what are the mechanisms of retention of old histones, how long do old histones 
remain in the genome (or what is the global turnover time of histones), what 
are the consequences of histone turnover? The RITE assay may be a useful tool 
to address these questions and the mutants identified in barcode screens may 
provide the tools to start to dissect the pathways of histone turnover and the 
relevance thereof. 

Another unanswered question is whether old and new histones mix 
within a nucleosome, and if so how and where this happens. One potential 
way of maintaining epigenetic memory, as discussed in the beginning of the 
introduction, would be by splitting up the nucleosomes into two halves, where 
each half stays with a DNA strand during replication. Histone modifiers can 
potentially recognize the hemi-modified nucleosome and copy the modifications 
to the new other half. Whether or not the histone tetramers split up is still under 
debate. Pulse-chase assays suggest that a small fraction of H3.3 may mix37 but 
where this occurs in the genome could not be tested. By combining RITE with 
sequential affinity purification on mononucleosomes, it should be possible to 
determine if histones mix and where in the genome this takes place. 

What could be the biological significance of histone turnover? Recently, 
histone turnover has been associated with cellular aging. By making use of the 
asymmetric division of budding yeast, deletion of Hat2 was found to increase 
replicative life span68, similar to deletion of the Hir complex69. There are at 
least two ways by which deletion of these histone chaperones could extend life 
span: 1) by reducing histone turnover, thereby leading to altered transcription 
of genes required for cell viability or 2) by altering histone gene expression, 
thereby maintaining a proper chromatin composition. Other histone chaperones 
that affect turnover also affect life span. However, the negative correlation 
between turnover and lifespan seems to be inconsistent. Whereas Hat2 and 
the Hir complex positively affect turnover but negatively affect lifespan, Asf1, 
Rtt109, and Caf1 positively affect turnover as well as replicative life span69. 
What seems to be a better predictor of life span is the effect histone chaperones 
have on histone gene expression. Feser et al. found that the expression of 
histone genes is increased in old cells69. They show that a decrease in life 
span can partially be compensated by expressing histones ectopically69. If the 
effect of histone chaperone mutants on histone gene expression in aging cells 
is compared (table 1), it seems that replicative aging correlates better with 
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expression of histone genes rather than with histone turnover. Histone gene 
expression in young cells might be a predictor for histone gene expression 
in aging cells (table 1). If this is true, the increased life span in cells lacking 
Hat2 may be caused by histone gene upregulation. It will be interesting to 
find out how histone gene expression in old cells is affected by deletion of 
the NuB4 complex. Why is upregulation of histones upon aging required for 
replicative life span? One possible explanation could be the accumulation of 
extrachromosomal rDNA circles (ERCs), which is a known feature of replicative 
aging. ERCs are circular pieces of DNA that accumulate in old cells and have 
to be compacted into a chromatin structure. This accumulation could lead 
to a decrease in the amount of histones per amount of DNA if histone gene 
expression is not upregulated. 

Histone turnover might also be an important process during 
chronological aging. Whereas in replicating cells old histones are diluted by 
every cell division, arrested cells require replication-independent mechanisms 
to replace old histones. Replacement of old histones may provide the cell with 
an opportunity to remove irreversible modifications or to replace damaged 
histone proteins by new ones. Two proteins that were shown to be involved in 
chronological aging are Asf1 and Gis1. Asf1 is a positive regulator of histone 
turnover and extends chronological and replicative life span69. Conversely, Gis1, 
a negative regulator of histone turnover (chapter 4), restricts chronological life 
span70. It will be interesting to determine how chaperones and other factors 
involved in histone turnover affect chronological aging. 

Table 1: Summary of mutants  involved in either histone turnover, histone gene expression, or life 
span determination.

Mutant Turnover Histone gene expression Life span

Young Replicative Old Replicative Chrono-
logical

WT ± ± ++ ± ±
asf1∆ - - or + - -- --
rtt109∆ - - ± -- ?
hat1∆ - ± ? ± ?
hat2∆ - + ? ++ ?
hir1∆ - ++ +++ +++ ?
rpd3∆ ? + +++ +++ ?
tor1∆ ? ? +++ +++ ?
gis1∆ + ± ? ? ++
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