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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, 
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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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Abstract

Background 

Methylation of lysine 79 on histone H3 by Dot1 is required for maintenance 
of heterochromatin structure in yeast and humans. However, this histone 
modification occurs predominantly in euchromatin. Thus, Dot1 affects silencing 
by indirect mechanisms and does not act by the recruitment model commonly 
proposed for histone modifications. To better understand the role of H3K79 
methylation gene silencing, we investigated the silencing function of Dot1 
by genetic suppressor and enhancer analysis and examined the relationship 
between Dot1 and other global euchromatic histone modifiers. 

Results 

We determined that loss of H3K79 methylation results in a partial silencing 
defect that could be bypassed by conditions that promote targeting of Sir 
proteins to heterochromatin. Furthermore, the silencing defect in strains lacking 
Dot1 was dependent on methylation of H3K4 by Set1 and histone acetylation 
by Gcn5, Elp3, and Sas2 in euchromatin. Our study shows that multiple histone 
modifications associated with euchromatin positively modulate the function of 
heterochromatin by distinct mechanisms. Genetic interactions between Set1 
and Set2 suggested that the H3K36 methyltransferase Set2, unlike most other 
euchromatic modifiers, negatively affects gene silencing. 

Conclusions

Our genetic dissection of Dot1’s role in silencing in budding yeast showed 
that heterochromatin formation is modulated by multiple euchromatic 
histone modifiers that act by non-overlapping mechanisms. We discuss 
how euchromatic histone modifiers can make negative as well as positive 
contributions to gene silencing by competing with heterochromatin proteins 
within heterochromatin, within euchromatin, and at the boundary between 
euchromatin and heterochromatin.

Background

Post-translational modifications of histone proteins influence DNA transactions 
such as transcription, repair, recombination, and chromosome segregation. 
Many histone modifications affect local chromatin structure and function by 
recruitment of effector proteins that specifically recognize a modified state 
of a given residue (reviewed in 1,2,3,4). However, several histone modifications 
seem to act by alternative mechanisms. One such example is methylation of 
lysine 79 of histone H3 (H3K79) by Dot1. H3K79 methylation is required for 



C
h

ap
te

r 
2

Modifications in euchromatin promote heterochromatin formation

33

heterochromatin formation in yeast and humans5-10. Paradoxically, methylation 
of H3K79 is low or absent from heterochromatic regions and is abundant in 
euchromatic regions of the genome5,7,11-14. Furthermore, methylation of H3K79, 
which causes small local changes of the nucleosome surface15, negatively affects 
binding of the heterochromatin protein Sir3 in yeast16-18. Therefore, this histone 
modification most likely affects heterochromatin structure by mechanisms 
other than direct recruitment of repressive factors. We previously proposed 
that H3K79 methylation in yeast might act as an anti-binding signal to prevent 
non-specific binding of silencing proteins in euchromatin, thereby leading 
to efficient targeting of the limiting silencing proteins to the unmethylated 
heterochromatic regions of the genome5,19. 

Heterochromatin in yeast, often referred to as silent chromatin, is found 
at telomeres, the silent mating type loci (HMLa and HMRa) and the ribosomal 
DNA repeats. At telomeres and HM loci, DNA elements called silencers recruit 
the Sir2/3/4 complex, which subsequently spreads along the chromosome 
to form a silent or heterochromatic domain (reviewed in 20). Besides H3K79 
methylation, methylation of H3K4 and H3K36, histone acetylation, and 
deposition of the histone variant Htz1 (H2A.Z) in euchromatin have been 
shown to affect heterochromatin formation in yeast (reviewed in 20). Some 
euchromatic modifications have been suggested to act by (indirect) global 
effects, whereas others have been suggested to primarily act (directly) at the 
boundary between euchromatin and heterochromatin to prevent excessive 
spreading of the Sir2/3/4 complex. For example, loss of the histone variant 
Htz1, the H3K36 methyltransferase Set2, or the histone acetyltransferase 
Sas2 leads to loss of heterochromatin boundaries and excessive spreading 
at yeast telomeres21-24, whereas in cells lacking Dot1 or the histone H3K4 
methyltransferase Set1, Sir proteins become redistributed throughout the 
genome5,25,26. Methylation of H3K4 in euchromatin negatively affects binding 
of the C-terminus of Sir3, which led to the suggestion that Set1 enhances 
silencing by a mechanism similar to that of Dot127. 

The molecular mechanisms responsible for the different silencing 
functions of many of the euchromatic histone marks are still largely unknown. 
Here we used genetic suppressor and enhancer analysis to investigate the 
role of Dot1 in heterochromatin formation and its connection with several 
other global histone modifiers (see Table 1). We found that the silencing defect 
in strains lacking Dot1 was partial and could be suppressed by conditions 
that promote targeting of the Sir complex to telomeres. These results are 
in agreement with the proposed function of Dot1 in preventing non-specific 
binding to euchromatin. We show that Dot1 functions in parallel with the 
histone methyltransferase Set1 and histone acetyltransferases, suggesting 
that multiple euchromatic histone modifications promote silencing by non-
overlapping mechanisms. 
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Results

Suppressor analysis of the silencing defect in strains lacking Dot1
Previous studies suggest that H3K79 methylation by Dot1 improves targeting of 
silencing proteins to heterochromatin by preventing promiscuous interactions 
of Sir3 within euchromatin5,16,17,28. To test this hypothesis we investigated three 
predictions of this model: 1) loss of telomeric silencing in dot1Δ cells due to 
redistribution of the Sir proteins can be overcome by increased expression 
of Sir3, which is present in limiting amounts, 2) loss of telomeric silencing in 
dot1Δ cells can be suppressed by improving the recruitment of Sir proteins 
by increasing the strength of the Sir2/3/4-recruiting silencer element, 3) the 
telomeric silencing defect in dot1Δ cells can be suppressed by increased levels 
of other active marks that affect Sir protein binding or enhanced by decreased 
levels of these same marks. Our analyses were carried out in a strain carrying 
two reporter genes: ADE2 at the right arm of telomere V (VR) produces a color 
phenotype and URA3 at telomere VIIL provides a sensitive growth phenotype 
(Fig. 1A). 

First, Sir3 levels were increased by expression of SIR3 from a multi-
copy plasmid. Overexpression of Sir3 partially suppressed the silencing defect 
of the dot1Δ strain (Fig. 1B-C). Thus, Dot1 is not a critical component of 
heterochromatin. We note that Sir3 overexpression was not toxic for dot1Δ 
cells (Fig1B and data not shown) indicating that an increase in Sir3 did not lead 
to ectopic silencing of essential genes. 

Second, silencer function of the telomeric repeats was altered. 
Recruitment of the Sir2/3/4 complex to telomeres is mediated by the telomere-
binding protein Rap1 (reviewed in 20). Strains lacking the Rap1-interacting factor 
Rif1 have longer telomeres, which has been suggested to improve recruitment 
of Sir proteins to the chromosome ends and thereby enhance silencing29-32. 
When RIF1 was deleted, silencing of the URA3 gene in the dot1Δ strain was 
partially restored (Fig. 1D). Using a different approach, we recently showed 
that Dot1 becomes critical for silencing of the HMLα locus when the silencer 
strength at that locus is compromised due to inactivation of Sir1, a silencer-
binding protein that facilitates recruitment of the Sir complex to HMLα33. We 
conclude that the contribution of Dot1 to gene silencing depends on strength
of the cis silencer element. 

Figure 1. Suppression of the silencing defects of dot1Δ strains. (A) Reporter 
genes used for telomeric silencing. Cells in which the ADE2 gene is silenced accumulate 
a red pigment whereas cells that express ADE2 are white. Cells in which URA3 is silenced 
are resistant to 5-FOA, whereas cells in which URA3 is expressed convert 5-FOA into 
a toxic product and are sensitive to 5-FOA. (B) Wild-type (WT) and dot1Δ strains 
were transformed with empty vector (p) or a Sir3 overexpression plasmid (pSir3) and 
were spotted in 10-fold dilution series on media (YC) with and without 5-FOA. (C) 
Immunoblot analysis of Sir3 expression in sir3Δ and WT cells, and cells containing the 
Sir3 overexpression plasmid. Ctrl indicates a non-specific band recognized by the Sir3
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antibody that was used as a loading control. (D) Telomeric silencing in WT and dot1Δ 
strains lacking RIF1 or RPD3; sir2Δ and sir3Δ strains are shown as no-silencing controls 
(E) mRNA expression levels of ADE2 and URA3 relative to ACT1 were determined by RT-
qPCR. mRNA was isolated and quantified in duplicate with the difference as the standard 
error. (F) Sir3 binding at ADE2-TEL-VR, URA3-TEL-VIIL and 3500bp from telomere VIR 
(VIR3500) relative to binding at control locus ACT1 was determined by ChIP combined 
with real-time qPCR. Each clone was analyzed in duplicate with the difference as the 
standard error. (G) Silencing in strains lacking DEP1 (Rpd3L complex) or RCO1 (RPD3S 
complex).
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Unexpectedly, deletion of RIF1 resulted in decreased silencing of the telomeric 
ADE2 gene in wild-type and dot1Δ cells in multiple independent clones (Fig. 
1D and data not shown), whereas a previous study using an ADE2 gene at 
a different telomere showed that deletion of Rif1 made cells more red32.  
Silencing of the ADE2 gene and/or color development in strains with no or low 
expression of ADE2 is somewhat variable and can depend on media and growth 
conditions (e.g. see Fig. 2A below and compare WT and dot1Δ in Fig. 1B with 
1D)34. This may in part be due to the 
stochastic nature of ADE2 silencing that is observed in yeast colonies34. In 
general, strains lacking Dot1 showed a modest change in color development 
on complete synthetic media (Fig. 1D and see below). To verify whether the 
changes in colony color and growth on FOA plates were caused by changes 
in ADE2 and URA3 expression, respectively, mRNA expression of these genes 
was determined by reverse-transcriptase combined with quantitative real-time 
PCR (RT-qPCR). Whereas deletion of Dot1 did not substantially affect ADE2 
expression under these conditions, deletion of Rif1 caused derepression of the 
telomeric ADE2 gene (Fig. 1E). 
 The telomeric URA3 gene was derepressed in strains lacking Dot1, 
and additional deletion of Rif1 partially suppressed the silencing defect. These 
expression data are in agreement with the color and growth phenotypes of the 
rif1Δ strains (Fig. 1D). To verify whether the changes in silencing were caused by 
changes in Sir protein targeting, binding of Sir3 to the telomeric reporter genes 
and to a third telomere was determined by chromatin immunoprecipitation 
(ChIP) combined with qPCR. As expected, Sir3 binding at all three telomeres 
was reduced in the dot1Δ strain (Fig. 1F). In the rif1Δ and rif1Δdot1Δ strains, 
Sir3 binding was decreased at ADE2-TEL-VR, unaffected or slightly increased at 
URA3-TEL-VIIL and increased at TEL-VIR (Fig. 1F). These results suggest that 
although deletion of Rif1 can partially suppress the URA3 silencing defect of 
dot1Δ cells, the role of Rif1 in silencing is context dependent. 
 Third, to test whether additional histone modifications are involved 
in Sir protein targeting, we investigated the consequences of inactivation of 
the histone deacetylase (HDAC) Rpd3. Acetylation of lysines in the histone 
tails negatively affects interactions between Sir3 and Sir4 with histones in 
vitro35,36. We deleted RPD3 because cells lacking Rpd3 activity show increased 
global levels of histone acetylation in euchromatin37-43. Deletion of RPD3 
enhanced silencing of ADE2 in wild-type cells, which is consistent with previous 
observations40,44-47, and suppressed the URA3 silencing defect of the dot1Δ 
strain (Fig. 1D), suggesting that increased acetylation in euchromatin can 
compensate for the loss of H3K79 methylation. Analysis of URA3 mRNA levels 
confirmed that deletion of Rpd3 improved transcriptional silencing of telomeric 
URA3 in wild-type cells and suppressed the silencing defect of dot1Δ cells (Fig. 
1E). Deletion of Rpd3 also improved silencing of the ADE2 gene but did not 
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improve transcriptional silencing of ADE2 in cells lacking Dot1 (Fig. 1E), despite 
the similar dark red colony color of rpd3Δ and dot1Δ rpd3Δ cells. We expect 
that red color development was near saturation in rpd3Δ and dot1Δ rpd3Δ cells 
due to a combination of partial ADE2 silencing and slow growth of cells lacking 
Rpd3 and that a small reduction in silencing did not result in a color change 
in these slow growing cells. To investigate how Rpd3 enhanced silencing, 
binding of Sir3 was examined by ChIP. In wild-type cells, deletion of Rpd3 led 
to an increase in Sir3 binding at all three telomeres examined (Fig. 1F), which 
supports the idea that global histone acetylation can promote targeting of Sir 
proteins to heterochromatin. However, in cells lacking Dot1, loss of Rpd3 did 
not lead to a detectable increase in Sir3 binding (Fig. 1F), suggesting that the 
suppression of the dot1Δ silencing defect of telomeric URA3 was not caused by 
restoration of Sir3 binding. 

Rpd3 is active in two multi-subunit complexes (see Table 1). The larger 
Rpd3L complex localizes to promoter regions. The smaller Rpd3S complex is 
active at transcribed coding regions and is recruited to these regions via the 
subunits Eaf3 and Rco1, which together bind methylated H3K36, a histone 
modification co-transcriptionally introduced by Set248-51. DEP1 deletion, which 
specifically eliminates the Rpd3L complex, phenocopied deletion of RPD3 (Fig. 
1G). In contrast, deletion of RCO1, which eliminates the Rpd3S complex, 
did not affect silencing, showing that the Rpd3L complex and not the Rpd3S 
promoted gene silencing (Fig. 1G). A very recent study identified a third Rpd3 
complex, containing Rpd3, Snt2 and Ecm552. We expect that this complex is 
not involved in the silencing functions of Rpd3 that we identified here because 
deletion of ECM5 did not affect silencing (data not shown).
 Together, the results shown in Fig. 1A-G show that Dot1 modulates the 
strength of gene silencing and that the loss of this modifier can be compensated 
for by increased Sir3 dosage, strong silencers, and inactivation of Rpd3, a 
global HDAC. 

Dot1 collaborates with histone acetyltransferases to promote gene 
silencing
To analyze the genetic relationship between DOT1 and other genes involved in 
euchromatic histone modification, we analyzed silencing of the reporter genes 
at different temperatures.  Growth at high temperature enhances gene silencing 
in yeast by unknown mechanisms33,53 and was sufficient to suppress the dot1Δ 
silencing defect (Fig. 2A). Perhaps non-specific association of Sir proteins with 
nucleosomes is decreased at higher temperatures, which improves binding at 
telomeres. This conditional silencing phenotype provided us with a genetic tool 
to identify enhancers of the silencing defect in dot1Δ strains. Having found 
that increased acetylation suppressed the dot1Δ silencing defect (Fig. 1D-E), 
we examined which HAT might be responsible for the acetylation marks that 
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promote gene silencing. We examined the non-essential HATs Elp354, Gcn555-60, 
Sas361, and Sas262-64, as well as Eaf165, which encodes the only non-essential 
subunit of the NuA4 HAT complex (Table 1). Analysis of dot1Δ double and 
triple mutants showed that Elp3, Gcn5, and Sas2 were all required for efficient 
silencing in dot1Δ cells at high temperature (Fig. 2B-F). These findings suggest 
that Gcn5 and Elp3, which have been shown to affect global levels of histone 
H3 acetylation41,66-68,68-70, and Sas2, which has been shown to be the major 
H4K16 acetyltransferase21,62 all promote silencing in parallel to histone H3K79 
methylation by Dot1. Analysis of sas2Δ in combination with elp3Δ or gcn5Δ 
showed that each double mutant had more severe silencing defects than either 
single mutant, suggesting that the three HATs affect silencing by redundant 
mechanisms (Fig. 2E). Loss of Sas3, which affects bulk histone H3 acetylation 
when combined with loss of Gcn570,71, did not alter silencing in wild-type or 
dot1Δ cells (Fig. 2C), whereas a single deletion of EAF1 was sufficient to 
disrupt telomeric silencing (Fig. 2F), even at high temperature (Fig. 2F). The 
histone variant Htz1 (H2A.Z), which is acetylated by NuA472,73 and of which the 
deposition into chromatin is dependent on Sas274, was not critical for silencing 
in wild-type or dot1Δ strains (Fig. 2G).

Dot1 and Set1 have distinct functions in silencing and cell division 
Having found that histone H3K79 methylation and various histone H3 and H4 
acetylation events influence heterochromatin by distinct mechanisms, we next 
investigated the relationship between Dot1 and the H3K4 methyltransferase 
Set1 and the H3K36 methyltransferase Set2. These enzymes are the only known 
histone lysine methyltransferases in yeast. Strains lacking Dot1, Set1, or Set2 
have no detectable methylation of H3K79, H3K4, and H3K36, respectively. 
Previous studies showed that histone H3K4 methylation by Set1 and H3K79 
methylation by Dot1 may affect silencing by a similar mechanism7,27. Indeed, 
overexpression of Sir3 has been shown to rescue telomeric silencing defects 
of a set1Δ strain27. Using our silencing reporters, we found that a dot1Δ set1Δ 
double knock-out strain has more severe silencing defects than either single 
knock-out strain (Fig 3), showing that they work through different mechanisms. 
SET2 deletion did not affect silencing of the two reporter genes in wild-type or 
dot1Δ cells (Fig. 3). However, deletion of SET2 partially suppressed the silencing 
defect caused by deletion of SET1 (Fig 3), suggesting that some aspect of gene 
silencing is negatively regulated by the presence of Set2. Methylation of H3K36 
by Set2 has been shown to lead to recruitment of the Rpd3S complex to coding 
regions48-51. 
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Figure 2. Multiple euchromatic histone modifiers promote gene silencing by 
redundant mechanisms. (A) Analysis of telomeric silencing at 23, 30, and 37ºC.  
(B-G) Single, double and triple mutants of the indicated genes involved in chromatin 
modification were analyzed as in Fig.1. dot1Δ strains have a partial silencing defect and 
are 5-FOA sensitive at 30ºC. Cells were spotted at 37ºC to partially restore silencing 
and identify mutants that enhance the partial silencing defect of dot1Δ. Each section 
represents a different experimental panel.
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Figure 3. Histone lysine methyltransferases Dot1, Set1 and Set2 affect silencing 
by different mechanisms. Telomeric silencing in strains lacking DOT1, SET1, and/
or SET2 was analyzed by growth on media with or without 5-FOA, at 30 and 37ºC as 
described in Fig. 1. 

The negative role of Set2 in gene silencing in set1Δ cells (Fig. 3) was not 
mediated by Rpd3S since inactivation of the Rpd3S complex by deletion of 
RCO1 did not improve silencing in a set1Δ strain (Fig. 4A). Deletion of RPD3 or 
deletion of DEP1, which specifically inactivates the Rpd3L complex, did suppress 
the silencing defects (Fig. 4A), indicating that Set1 modulates gene silencing 
by a mechanism that acts in parallel with Dot1 as well as histone acetylation. 
To verify this idea, we deleted GCN5 and ELP3 in the set1Δ strain to determine 
whether reduced acetylation would enhance the silencing defect caused by loss 
of Set1 function, as we found for Dot1. We noticed that strains lacking Set1 
and either one of the two HATs had severe growth defects, especially at 37ºC 
(data not shown). 

Figure 4. Silencing and viability of strains lacking Set1 is modulated by histone 
acetylation. (A) Deletion of RPD3 or DEP1 (Rpd3L complex) suppressed the silencing 
defects of strains lacking SET1, whereas deletion of RCO1 (Rpd3S complex) had no 
effect. (B) A diploid strain homozygous for the ADE2 and URA3 silencing reporters and 
heterozygous for SET1/set1::NatMX, GCN5/gcn5::HphMX, ELP3/elp3::KanMX, and SIR3/
sir3::HIS3 was sporulated and spore viability was analyzed by tetrad analysis. Each row 
indicates the four-spore progeny of one diploid cell. Genotypes and mating type of the 
individual colonies were determined by replica-plating. Only those tetrads are shown of 
which the genotype of all four spores could be determined or deduced. The genotype 
of each colony is indicated by the position of the squares, where white indicates the 
WT allele and black indicates the mutant allele. (C) Combined deletion of SET1, GCN5, 
and ELP3 affected cell viability. Colony sizes of panel B (large, small, very small/no 
colony) were scored for each genotype indicated in SIR3 and sir3Δ backgrounds. (D) 
Wild type and set1Δ strains were transformed with an empty multi-copy plasmid (p) or 
a multi-copy plasmid carrying a genomic copy of Dot1 (pDot1) to examine the effect 
of intermediate levels of Dot1 overexpression on telomeric silencing. (E) Protein levels 
of Dot1 expressed from its endogenous locus and from the multi-copy plasmid were 
examined by immunoblot analysis. Pgk1 was used as a loading control and a dot1Δ strain 
was used as a negative control. 
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In certain yeast mutants, growth defects are mediated by the Sir complex, 
presumably because of ectopic Sir-mediated silencing of genes required for 
cell growth23,75,76. These growth defects can be alleviated by deletion of one of 
the SIR2/3/4 genes. To determine whether the growth defects in set1Δ gcn5 
and set1Δ elp3Δ strains were mediated by the Sir complex a diploid strain 
heterozygous for SET1, GCN5, ELP3, and SIR3 was sporulated to generate 
isogenic single, double, and triple histone modifier knock-out cells that were 
either silencing proficient (SIR3) or deficient (sir3Δ) (Fig. 4B-C). 
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Tetrad analysis confirmed that haploid spores lacking SET1 require GCN5 and 
ELP3 for normal growth. Cells lacking all three genes were extremely sick or 
did not grow at all, indicating that Set1, Gcn5, and Elp3 promote cell division 
by different mechanisms (Fig. 4B-C). Deletion of SIR3 did not alleviate any 
of the growth defects of set1Δ, elp3Δ and gcn5Δ double and triple knockout 
strains (Fig. 4B-C), which shows that the reduced fitness was not caused by 
ectopic silencing by the Sir complex. 
 Since the set1Δ silencing defect could be suppressed by increased 
histone acetylation by inactivation of Rpd3, we asked whether increased activity 
of Dot1 could also improve silencing and suppress the set1Δ silencing defect. 
To test this, wild type and set1Δ strains were transformed with a DOT1 multi-
copy plasmid (Fig. 4D). Under these conditions of Dot1 overexpression (Fig. 
4E) silencing of the telomeric URA3 gene was unaffected in wild-type strains 
and not or only slightly improved in set1Δ strains (Fig. 4D). We conclude that 
the endogenous levels of H3K79 methylation are not limiting for silencing. 

Sir2 and Sir3 expression in strains with silencing phenotypes
Our results show that heterochromatin function in budding yeast is positively 
affected by several euchromatic histone modifications and strong silencers. To 
exclude that phenotypes in the chromatin mutants studied here were caused 
by altered Sir protein levels we examined the expression of Sir2 and Sir3 by 
immunoblot analysis. We found that deletion of most of the chromatin modifiers 
investigated in this study did not affect expression of Sir2 or Sir3 (Fig. 5). 
The immunoblots indicate that expression of Sir2 and Sir3 was reduced in the 
eaf1 Δ strain, which might explain why the silencing defect in this strain could 
not be suppressed by growth at high temperature (Fig. 2F) and why Eaf1 
affects gene silencing while no changes have been observed in global levels of 
histone H4 acetylation65.  

Figure 5. Expression of Sir2 and Sir3 in strains with altered silencing properties. 
Immunoblot analysis of whole-cell protein extracts using antibodies against Sir2 and 
Sir3. A Pgk1 antibody was used as a loading control. The specificity of the Sir2 antibody 
is shown in the left panel. The specificity of the Sir3 antibody was shown previously33 
and is shown in Fig. 1. 
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Discussion
We investigated the role of Dot1 in gene silencing by looking for suppressors and 
enhancers of silencing defects of a dot1Δ strain. Our results show that Dot1 is 
not essential for gene silencing but modulates the efficiency of heterochromatin 
formation. Silencing in dot1Δ strains could be restored by conditions that 
improve recruitment of the Sir complex: increased Sir3 dosage and stronger 
silencers. These properties of the dot1Δ strains are compatible with a role for 
Dot1 in enhancing targeting of Sir proteins to regions of heterochromatin. 
Silencing in wild-type and dot1Δ strains was dependent on the activity of other 
histone modifiers; mutations that increase genome-wide histone acetylation 
enhanced silencing whereas several mutations that reduce histone acetylation 
or H3K4 methylation reduced silencing. Therefore, H3K79 methylation and 
other marks of euchromatin positively influence heterochromatin function by 
different mechanisms (Fig. 6). The redundancy of these pro-silencing functions 
may reflect differences in genomic locations of the various histone marks. For 
example, Set2 mono-, di-, and tri-methylates H3K36 mainly in coding regions, 
Set1 generates mono-, di-, and trimethylated H3K4 preferentially in coding 
sequence, 5’ coding sequence, and promoter regions, respectively, and Dot1 
mono-, di-, and tri-methylates H3K79 at similar levels throughout the genome. 
The redundancy may also reflect the fact that the different marks are located 
on different areas of the nucleosome and thereby affect multiple contacts 
between the Sir complex and nucleosome arrays. H3K4, H3K36 and most of 
the acetylated lysines are located on the tails of histone H3 and H4, while 
H3K79 is located on the nucleosome core surface and might interact with the 
tail of histone H4. In vitro studies have shown that Sir3 can interact with 
the histone tails as well as with the nucleosome core and that methylation of 
H3K4 and H3K79 as well as acetylation of the tail of H3 or H4 can affect Sir-
nucleosome interactions. Our genetic studies suggest that binding of the Sir 
complex to nucleosomes is not affected by post-translational modifications in 
a combinatorial manner by a specific histone code. Rather, many modifications 
all seem to make independent contributions to promoting gene silencing. 
We note that it cannot be excluded at this point that the histone modifying 
enzymes investigated in this study affect gene silencing by post-translational 
modification of non-histone proteins or by indirect effects on other histone 
modifications. For example, Gcn5 acetylates not only histone tails but also other 
chromatin-associated factors such as Rsc4, a subunit of the RSC nucleosome 
remodeling complex68,77. In addition, Set1 has been shown to influence histone 
acetylation78 and to methylate the kinetochore protein Dam179. Since Gcn5 is 
also involved in kinetochore function80, it is perhaps loss of these functions that 
caused fitness problems in set1Δgcn5Δ (and set1Δelp3Δ) strains (Fig. 4).  
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Figure 6. Summary of genetic relationships identified in this study. Genetic 
interactions between Dot1 and other histone modifiers. Grey nodes indicate positive 
regulators of silencing and black nodes indicate negative regulators of silencing. Grey 
lines indicate phenotypic enhancement; black lines indicate phenotypic suppression; 
arrows indicate the directions of the interactions. No silencing phenotypes were observed 
for SAS3, HTZ1, and RCO1. 

 Heterochromatin in yeast is characterized by the absence of post-
translational modifications of histone proteins and biochemical and genetic 
studies indicate that binding of Sir proteins to nucleosomes is negatively 
affected by histone methylation and acetylation. Therefore, heterochromatin 
formation and spreading seems to be determined by a competition between 
binding of the Sir complex and action of euchromatic histone modifying 
enzymes. Competition between histone modifiers and the Sir proteins can 
in principle affect heterochromatin at three distinct genomic or chromatin 
locations (Fig.7). First, histone modifiers can compete with Sir proteins within 
heterochromatin domains. By doing so they are expected to destabilize 
heterochromatin domains. Indeed, when Sas2 or Dot1 are overexpressed and 
lead to increased global histone acetylation and methylation, respectively, Sir 
protein binding and silencing at telomeres is reduced5,17,28,81. Furthermore, 
the presence of Sas2 and Dot1 in yeast cells delays the onset of silencing at 
a previously active locus82. Second, modifying enzymes can deposit an anti-
silencing mark at the interface between euchromatin and heterochromatin 
and thereby form a boundary. By this mechanism, loss of a histone modifying 
enzyme is expected to lead to increased spreading of heterochromatin into 
adjacent regions. When excessive spreading occurs of the limiting Sir proteins 
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this may be accompanied by reduced Sir protein binding and impaired silencing 
of the distal wild-type silenced loci, as has been observed for strains lacking 
SAS2, BDF1 or GCN5+ELP321,22,75,83. Third, histone modifications throughout 
euchromatin can prevent non-specific binding of Sir proteins, which increases 
the availability of the limiting Sir proteins for heterochromatic regions19. By 
this model, loss of a modifying enzyme is expected to reduce targeting of Sir 
proteins to heterochromatic areas as well as their flanking regions, as has been 
described for DOT1 and SET1. In cells lacking Dot1 or Set1, Sir proteins do not 
spread excessively but become redistributed throughout the genome5,25,26. Also 
by this model, higher levels of a global and limiting histone modification are 
expected to improve targeting, silencing, and ectopic spreading of Sir proteins, 
in which case the degree of spreading will depend on how the increased mark 
affects competition within heterochromatin and at the boundary.

Our results and previous studies show that multiple euchromatic 
histone modifiers influence telomeric silencing and here we show that many of 
them seem to act by non-overlapping mechanisms. How might they affect gene 
silencing? Deletion of a histone modifier generally does not enhance silencing 
(e.g. Figs 2-4). Therefore, they do not seem to weaken silencing by local 
competition with heterochromatin formation. Several factors might determine 
the importance of local competition. For example, euchromatic modifiers might 
not have access to the nucleosomal substrates in heterochromatin17,84,  local 
disruption of silencing by histone modifiers might be counteracted by (indirect) 
positive silencing effects, or post-translational modification in heterochromatin 
might be counteracted by histone-demodifying activities such as the HDAC 
activity of Sir2 and the H2B deubiquitinating activity of UBP10, which is 
recruited to heterochromatin by Sir4 and negatively affects methylation by 
Dot1 and Set185,86. We expect that Dot1, Set1, Gcn5, Elp3, and Sas2, which we 
investigated here, act at least in part by long-distance targeting effects because 
they deposit abundant histone modifications throughout the euchromatic 
genome and loss of the modifying enzymes leads to reduced silencing. Similarly, 
based on the phenotypes of rpd3Δ cells i.e. more spreading into flanking regions 
(Fig. 1 and 31) as well as increased silencing within wild-type heterochromatin 
regions (Figs. 1 and 4), we propose that deletion of RPD3 leads to improved 
targeting of silencing proteins to heterochromatin domains, which can overrule 
the local boundary and lead to ectopic spreading. Set2 and Htz1 might act 
by a similar mechanism. Strains lacking Set2 show increased spreading87 as 
well as increased silencing within existing heterochromatin regions in a set1Δ 
strain (Fig. 4) and strains lacking Htz1 show increased spreading24 without 
loss of silencing at wild-type heterochromatin loci (Fig. 2). These silencing 
phenotypes suggest that Set2, Htz1, and Rpd3 might not act as local boundary 
factors, as has been proposed previously23,24,31,87, but instead affect the degree 
of spreading from a distance by reducing the targeting efficiency of Sir proteins 
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to heterochromatin. Thus, these factors might set heterochromatin boundaries 
by weakening Sir-protein targeting to heterochromatin domains. 

The mechanism by which Rpd3 weakens silencing is still unclear, 
however. Whereas increased gene silencing in rpd3Δ cells (Fig. 1D+E) was 
accompanied by increased Sir3 binding (Fig. 1F), deletion of Rpd3 in dot1Δ 
cells restored URA3 silencing without any detectable changes in Sir3 binding 
(Fig. 1D-F). Although Sir3 is the major Sir protein that can spread along the 
chromosome over long distances, these results suggest that factors other than 
Sir3 restored silencing in rpd3Δdot1Δ cells. Whether Rpd3 affects binding of 
one of the other Sir proteins remains to be determined. Changes in silencing 
without detectable changes in Sir protein binding have been described 
previously, however88. Therefore, it is also possible that Rpd3 might affect the 
activity of the Sir proteins, such as the deacetylase activity of Sir2, or targeting 
of repressor proteins that can act as heterochromatin factors but are normally 
not found in Sir-occupied heterochromatin domains, such as Sum1, Hst1, or 
Hda189-94. Interestingly, our results also indicate that the effect of Rpd3 on Sir3 
targeting to telomeric heterochromatin requires the presence of Dot1. This 
suggests that targeting of Sir proteins to heterochromatin by increased histone 
acetylation might involve simultaneous recognition of methylated H3K79. The 
redundant roles of Dot1 and the histone H3 HATs Gcn5 and Elp3 in promoting 
gene silencing indicates that histone H3 acetylation and H3K79 methylation 
involve non-linked mechanisms. To fully understand the connection between 
Dot1 and Rpd3, it will be important to determine which of the many target 
lysines of Rpd3 affect Sir3 targeting in a Dot1-dependent manner and whether 
Rpd3 and Dot1 affect each others activity. 

Conclusions
Targeting of the Sir complex to regions of heterochromatin in yeast is positively 
modulated by a range of euchromatic factors indicating that euchromatin 
and heterochromatin are interdependent. Our results and previous studies 
suggest that histone modifiers can compete with heterochromatin proteins at 
different locations and thereby make positive as well as negative contributions 
to heterochromatin formation. We expect that similar rules apply to histone 
modifications in higher eukaryotes, which might help to explain the paradoxical 
role of Dot1 in gene activation and repression in flies and mammals8,9,11,95-98. 
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Figure 7. A competition model for positive and negative roles of euchromatic 
histone modifications in heterochromatin formation. Euchromatic histone 
modifications can have positive roles (arrows) and negative roles (blunt arrows) in 
heterochromatin formation. Competition between euchromatic histone modifiers and 
heterochromatin proteins for interactions with nucleosomes can occur at three locations 
and can have different outcomes (see text). 1) Competition within heterochromatin 
regions creates a semi-stable epigenetic state. 2) Competition at the interface between 
euchromatin and heterochromatin prevents local spreading of the Sir complex, thereby 
on the one hand avoiding ectopic silencing of regions adjacent to heterochromatin and 
on the other hand ensuring availability of limiting silencing proteins for the endogenous 
heterochromatic regions. 3) Competition throughout euchromatin prevents non-specific 
binding of the Sir2/3/4 complex to bulk chromatin, thereby enhancing targeting of Sir 
proteins to endogenous heterochromatic regions to ensure sufficient spreading of the 
Sir complex. By these mechanisms, the function of a euchromatic histone modification 
in gene silencing depends on the relative contribution that it makes to each of these 
mechanisms and to what extend the negative and positive functions counteract each 
other.
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Methods
Yeast strains are described in Table 2. Gene knock-outs were made by replacing 
the coding sequences of the respective genes by homologous recombination 
with PCR products of plasmids pRS400 (KanMX), pRS40NatMX, pRS40HygMX, 
or pRS303 (HIS3)33,99. Most gene deletions were generated as heterozygous 
diploids. Haploids were subsequently obtained by sporulation. For spore analysis 
of the elp3Δgcn5Δset1Δsir3Δ heterozygous diploid (NKI1121) genotypes of 
the four spores of each tetrad were determined by drug resistance, histidine 
prototrophy, and mating to tester strains PT1a and PT2α34. Genotypes that 
could not be determined directly (due to synthetic lethality or due to loss of 
mating type caused by the absence of Sir3) were deduced from the segregation 
of the markers in the remaining spores. Only tetrads of which the genotypes 
of all four spores could be unambiguously assigned were included for further 
analysis. Yeast media were prepared and silencing assays were performed as 
previously described28,34 and repeated at least two times. Silencing assays were 
performed with cells that had been pre-grown at the appropriate temperature 
for at least one day. Plasmids pRS424 (2μ-TRP1) and pHR67-23 containing a 
SIR3 genomic region in pRS424 were described previously33,99. 
Immunoblots. Whole-cell extracts were obtained from approximately 5x107 
cells by the classical glass beads breakage method using 200μl of glass beads 
and SUMEB (1% SDS, 8M Urea, 10mM MOPS pH 6.8, 10mM EDTA, 0.01% 
bromophenol blue, 1mM DTT)100 complemented with PMSF (1 mM), benzamidine 
(5 mM), pepstatin (1 µg/ml), leupeptin (1 µg/ml) and DTT (1 µM). Primary 
antibody incubations were performed in Tris-buffered saline-Tween with 2% 
dry milk. Antibodies used were Sir333, Dot128, Sir2 (Santa Cruz, Sc-6666), and 
Pgk1 (Invitrogen, A-6457). 
Reverse-transcription. Total yeast RNA was prepared from 5x107 cells of each 
of the indicated growth condition using the RNeasy kit (Qiagen) according to 
the manufacturer’s protocol. RNA samples were treated with RNase free DNAse 
(Qiagen), and cDNA was made by using Super-Script II reverse transcriptase 
(Invitrogen). 
Chromatin immunoprecipitation. ChIP was performed as described 
previously101. Briefly, the chromatin was sheared using a bioruptor (Diagenode) 
for 6 minutes with 30 seconds intervals at high. The obtained fragments 
have an average size of 500bp, as determined on a 2% TAE gel stained with 
ethidium bromide and quantified using TINA software. The isolated chromatin 
of the equivalent of 5x107 cells was immunoprecipitated overnight at 40C 
using magnetic Dynabeads (Invitrogen) which were previously incubated with 
antibody o/n at 40C. 
Real-time PCR. ChIP DNA and cDNA was quantified by real-time PCR using 
the SYBR® Green PCR Master Mix (Applied Biosystems) and the ABI PRISM 
7500. A ChIP input sample was used to make a standard curve, which was then 
used to calculate relative IP efficiencies and mRNA expression levels, using the 
7500 fast system software. Primers used for qPCR are listed in Table 3.
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Tables
Table 1. Chromatin modifiers analyzed in this study

Protein Alias* Enzymatic Complex Target sites
Dot1 KMT4 - H3K79me1,2,3
Set1 KMT2 Compass H3K4me1,2,3, Dam1
Set2 KMT3 - H3K36me1,2,3
Gcn5 KAT2 SAGA, SALSA, SLIK, 

HatB3.1
H3K9 ,14 ,18 ,23 ,36; 
H2B, Htz1K14, Rsc4

Elp3 KAT9 Elongator H3
Sas2 KAT8 SAS H4K16
Sas3 KAT6 NuA3 H3K14,23
Eaf1 NuA4 (KAT) H4; H2A; Htz1
Rpd3 Rpd3L, Rpd3S (HDAC) promoters/global/ORFs
Dep1 Rpd3L promoters/global
Rco1 Rpd3S ORF
Htz1 H2A.Z Histone variant -
Rif1 - Rap1 interacting factor -

* KMT = histone lysine methyltransferase, KAT = histone lysine acetyltransferase, 
HDAC = histone deacetylase.

Table 2. Strains used in this study

Strain Relevant genotype (all strains are isogenic to UCC7366)
UCC7366 MATa lys2Δ0 trp1Δ63 his3Δ200 ade2Δ::hisG ura3Δ0 leu2Δ0  

met15Δ0 ADE2-TEL-VR  URA3-TEL-VIIL
NK1121 MATa/α ELP3/elp3Δ::KanMX GCN5/gcn5Δ::HphMX SET1/

set1Δ::KanMX SIR3/sir3::HIS3
UCC7356 dot1Δ::NatMX
UCC7367 set1Δ::KanMX
NKI5154 set1Δ::NatMX
UCC7368 set2Δ::HphMX
NKI5092 gcn5Δ::HphMX
NKI5090 elp3Δ::KanMX
NKI5183 sas2Δ::NatMX
NKI5185 sas2Δ::HphMX
NKI5142 sas3Δ::KanMX
NKI5048 htz1Δ::HphMX
NKI5372 eaf1Δ::HphMX
NKI1001 rif1Δ::HphMX
NKI5061 rpd3Δ::HphMX
NKI5152 dep1Δ::HphMX
NKI5148 rco1Δ::HphMX
UCC7359 dot1Δ::NatMX set1Δ::KanMX
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UCC7357 dot1Δ::NatMX set2Δ::HphMX
UCC7360 set1Δ::KanMX set2Δ::HphMX
UCC7361 dot1Δ::NatMX set1Δ::KanMX set2Δ::HphMX
NKI5088 dot1Δ::NatMX gcn5Δ::HphMX
NKI5086 dot1Δ::NatMX elp3Δ::KanMX
NKI5083 gcn5Δ::HphMX elp3Δ::KanMX
NKI5082 dot1Δ::NatMX gcn5Δ::HphMX elp3Δ::KanMX
NKI5226 dot1Δ::NatMX sas2Δ::HphMX
NKI5144 dot1Δ::NatMX sas3Δ::KanMX
NKI5046 dot1Δ::NatMX htz1Δ::HphMX
NKI5374 dot1Δ::NatMX eaf1Δ::HphMX
NKI1004 dot1Δ::NatMX rif1Δ::HphMX
NKI5059 dot1Δ::NatMX rpd3Δ::HphMX
NKI5152 dot1Δ::NatMX dep1Δ::HphMX
NKI5146 dot1Δ::NatMX rco1Δ::HphMX
NKI5224 set1Δ::NatMX rpd3Δ::HphMX
NKI5322 set1Δ::NatMX dep1Δ::HphMX
NKI5323 set1Δ::NatMX rco1Δ::HphMX
NKI5212 sas2Δ::NatMX gcn5Δ::HphMX
NKI5210 sas2Δ::NatMX elp3Δ::KanMX

Table 3. qPCR primers used in this study

RT-PCR Primers Sequence
ACT1_QforORF TCGTTCCAATTTACGCTGGTT
ACT1_QrevORF CGGCCAAATCGATTCTCAA
ADE2_ORF_Qfor TTGGGTTTTCCATTCGTCTTG
ADE2_ORF_Qrev CAACGAAGTTACCTCTTCCATCGT
URA3orf_Qfor GGGCAGACATTACGAATGCA
URA3orf_Qrev CCTGCTTCAAACCGCTAACAA

ChIP Primers Sequence
ACT1_Qfor CTCTTTTTATCTTCCTTTTTTTCCTCTCT
ACT1_Qrev CGTGAAAAATCTAAAAGCTGATGTAGTAG
ADE2_ORF_Qfor TTGGGTTTTCCATTCGTCTTG
ADE2_ORF_Qrev CAACGAAGTTACCTCTTCCATCGT
URA3_Qfor GGAAGGAGCACAGACTTAGATTGG
URA3_Qrev CTGTGCAGTTGGGTTAAGAATACTG
VIR3500_Qfor CCCATGTTTTTCAGTTTATCAATGA
VIR3500_Qrev CGATGAAGATTGTATGCAAGCAA
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Abstract
The dynamic behavior of proteins is critical for cellular homeostasis. However, 
analyzing dynamics of proteins and protein complexes in vivo has been difficult. 
Here we describe Recombination-Induced Tag Exchange (RITE), a novel genetic 
method that induces a permanent epitope-tag switch in the coding sequence 
after a hormone-induced activation of Cre recombinase. The time-controlled 
tag switch provides a unique ability to detect and separate old and new 
proteins in time and space, which opens up new opportunities to investigate 
the dynamic behavior of proteins. We validated the technology by determining 
exchange of endogenous histones in chromatin by biochemical methods and 
by visualizing and quantifying replacement of old by new proteasomes in 
single cells by microscopy. RITE is widely applicable and allows probing spatio-
temporal changes in protein properties by multiple methods.

Introduction
Proteins are dynamic molecules. Their abundance is controlled by synthesis 
and degradation and they can be subject to post-translational processing, 
modification and demodification. In addition, most proteins are very mobile 
and undergo interactions with multiple other protein partners1-4. However, little 
is known about the dynamics of proteins within macromolecular complexes in 
vivo2, 4. Studying time-dependent changes in physical properties of proteins or 
protein turnover requires methods to distinguish resident (old) proteins from 
new proteins. Current methods that do so are usually based on fluorescent 
reporters or differential chemical labeling. For example, fluorescence recovery 
after photo bleaching relies on exchange of the old bleached protein by non-
bleached proteins1, 3, 4. Alternative methods involve time-dependent changes 
in fluorescence, non-specific pulse-chase labeling of proteins with labeled 
amino acids, or labeling with chemical dyes that specifically bind to short 
tags5-7. Although suitable for detection of proteins by microscopy or mass 
spectrometry, a limitation of these methods is that they do not provide a handle 
for biochemical analysis of old and new proteins and their complexes. To solve 
this problem and to eliminate the requirement for chemical labels or UV light 
we developed Recombination-Induced Tag Exchange (RITE), a novel method 
in which a genetic epitope tag is switched by transient induction of a site-
specific recombinase. As a consequence, old and newly synthesized proteins 
are differentially tagged, which enables monitoring of protein dynamics by 
multiple techniques, as illustrated here. In contrast to inducible expression 
strategies8-12, differential tagging by a time-controlled site-specific protease13, 
or the labeling methods described above, RITE allows parallel detection and 
purification of old and new proteins under physiological conditions and over 
long periods of time. 
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We used RITE to probe the stability of chromatin. Photo-bleaching 
experiments using histones tagged with fluorescent reporters suggest that 
chromatin is a static complex14. However, recent work suggests that chromatin 
is more dynamic than previously anticipated15. For example, ectopically 
induced histones can be incorporated into chromatin of non-dividing yeast cells 
and gene activation of certain promoters is accompanied by transient loss of 
histones8-12, 16. In metazoans, the histone H3 variant H3.3 can be assembled 
into chromatin by a replication-independent transcription-coupled process17-19. 
We took advantage of RITE to determine whether endogenously expressed 
canonical histones undergo replication-independent exchange. RITE can also 
be used to visualize proteins by microscopy. To demonstrate this we applied 
RITE to the proteasome, a highly conserved and essential macromolecular 
complex critical for degradation of proteins by proteolysis20. Using fluorescent 
RITE we could visualize the replacement of old by new proteasomes in the 
nucleus and cytoplasm of dividing cells. 

Figure 1. Outline of Recombination Induced Tag Exchange (RITE). RITE cassettes 
contain two epitope tags (old and new) the first of which is in between two LoxP sites. 
Integration of a RITE cassette downstream of an open reading frame (ORF) results in a 
protein tagged with an ‘old’ tag (blue). The ‘old’ tag is preceded by an invariant flexible 
spacer (S) and a short peptide encoded by the LoxP sequence (LoxP), and is followed 
by a transcriptional terminator (stop) and a selectable marker (select). Upon induction 
of Cre recombinase, site-specific recombination between the tandem LoxP sites in the 
genome results in loss of the ‘old’ tag and fusion of the ORF to the ‘new’ tag. After the 
switch, newly synthesized proteins will contain the ‘new’ tag (yellow), whereas existing 
proteins will contain the ‘old’ tag. Old and new proteins are expressed from the same 
gene by the native promoter. 

Results
Recombination-Induced Tag Exchange (RITE) outline
RITE can be applied by integration of a RITE cassette downstream of any 
gene of interest, resulting in a C-terminal tag situated between two LoxP sites 
with an orphan tag downstream. Upon a transient time-controlled activation 
of the site-specific Cre-recombinase, recombination between the tandem 
LoxP sites results in exchange of the ‘old’ tag by an orphan ‘new’ tag in the 
coding sequence leading to an epitope-tag switch (Fig. 1). After switching, all 
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newly synthesized mRNAs will encode for proteins containing the new epitope 
tag. The LoxP recombination sites are part of the coding sequence, which 
eliminates the need for introns and allows the tag cassette to be introduced 
directly at the 3’ end of any gene of interest to generate a switchable tag. 
As a consequence, the differentially tagged proteins are encoded by a single 
gene and under control of the endogenous promoter. Recombination can be 
induced using a constitutively expressed Cre recombinase fused to the human 
estrogen binding domain (EBD). This fusion protein is sequestered by heat 
shock proteins and inactive21. The nuclear activity of Cre-EBD can be rapidly 
activated by the addition of β-estradiol, which releases the fusion protein from 
heat shock proteins21. A major advantage of RITE is that the genetic switch 
is permanent. Therefore, after the switch both old and new proteins can be 
followed in the original cells and their descendants under any condition of 
interest. We applied this strategy in haploid yeast cells and integrated RITE 
cassettes by homologous recombination at endogenous gene loci.

Application of RITE to Histone H3
First RITE was applied to histone H3 to investigate the stability of histones 
within chromatin. One of the two histone H3 genes was tagged with a RITE 
cassette containing two small epitope tags, HA and T7 (H3-HAàT7) (Fig. 2A). 
The second histone H3 gene was deleted. As a consequence, in this strain all 
histone H3 proteins were tagged (Fig. 2A). Yeast cells expressing the tagged 
histones are viable (Fig. 2B). Since histone H3 is essential, this demonstrates 
that the tagged H3 proteins are functional. After addition of the hormone 
β-estradiol, which has no detectable effect on growth or transcription22, most 
of the cells had undergone recombination within two hours (Fig. 2C). To 
confirm that the genetic switch at the DNA level yields differentially tagged 
proteins, switched starved cells (see below) were released in fresh media and 
harvested at several time points after re-entry into the cell cycle. Immunoblot 
analysis demonstrated replacement of old histone H3-HA protein by new 
H3-T7 in dividing cells (Fig. 2D). The replacement of one tagged protein by 
the other is in contrast to previously used ‘inducible-expression’ strategies, 
which involve ectopic expression of a tagged (new) version of a protein by an 
inducible promoter in the presence of an endogenous copy. Because of ongoing 
synthesis of the endogenous gene copy, endogenous histones represent old as 
well as new proteins. As a consequence, the induced and endogenous proteins 
quickly reach a new steady state. Tagging a single endogenous gene with a 
RITE cassette eliminates this problem and allows simultaneous tracking of old 
and new proteins over many cell divisions. 
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Figure 2. Application of RITE to endogenous histone H3. (A) One of the two genes 
encoding histone H3 in yeast (HHT2) was tagged with a RITE cassette (H3-RITE) 
containing short epitope tags: HA (old) and T7 (new). The other gene encoding histone 
H3 (HHT1) was deleted. A Hygromycin resistance gene (Hygro) was used to select against 
illegitimate recombinants. The tag switch was under control of a constitutively expressed 
hormone-dependent Cre recombinase (Cre-EBD78). (B) Growth of wild-type and H3 
RITE-tagged (before [HA] and after [T7] the switch) yeast cells spotted in a ten-fold 
dilution series. (C) The efficiency of recombination in the cell population was determined 
by Southern blot analysis of genomic DNA digested with HindIII (H) before (Pre) and after 
(Post) addition of the hormone β-estradiol. An invariant fragment was used as a control 
(Ctrl). (D) Detection of old (HA) and new (T7) histone H3 by quantitative immunoblot 
analysis of whole cell lysates of equal numbers of starved switched cells released into 
fresh media. The number of population doublings was calculated by staining the cells 
with NHS-TER (see supplementary methods). (E) The percentage of old H3-HA plotted 
against the number of population doublings. The measured HA/T7 ratios of the blot in 
panel D were converted into H3-HA percentages by using standard curves of samples 
with known percentages of H3-HA and H3-T7 (see supplementary methods). 
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Immunodetection of protein turnover in replicating and non-replicating 
cells
Quantification of the immunoblot shown in Fig. 2D showed that replacement 
of old H3-HA by new H3-T7 occurred at a rate faster than expected when only 
dilution due to replication is taken into account, suggesting histone turnover by 
replication-independent mechanisms (Fig. 2E). The fact that RITE introduces a 
permanent genetic switch after a transient signal allowed direct comparison of 
histone exchange in different cell cycle stages. To minimize new histone mRNA 
and protein expression during the recombination process the tag switch was 
performed in nutrient-starved cells, here referred to as G0 (Fig. 3A). Switched 
H3-HAàT7 cells were released into fresh medium containing nocodazole to 
arrest the cells after passage through one S-phase in G2/M (Fig. 3A and Fig. 
S2). During S-phase, like the DNA, the amount of histones gets duplicated and 
incorporated into the chromatin. As expected, cells at the estimated start of 
the G2/M cell cycle block (t=3 h) showed an approximately equal abundance of 
old H3-HA and new H3-T7 (Fig. 3B-C). To investigate replication-independent 
histone exchange, the switched H3-HAàT7 cells were released into fresh 
media containing α-factor to arrest the cells in G1, to prevent passage through 
S-phase (Fig. 3A). New H3-T7 was detected at the start of the cell block (t=2 
h) and increased further during the next three hours (t=5 h). Moreover, the 
abundance of new histone H3-T7 after five hours in G1 was similar to that of 
cells arrested in G2/M, which had undergone one round of genome duplication 
and therefore contain at least 50% new H3-T7 and 50% old H3-HA (Fig. 3B-C). 
Thus, yeast cells that had been arrested in G1 for the duration of around three 
cell doubling times had replaced approximately half of the old H3-HA protein 
by new H3-T7 in the absence of DNA replication.

Affinity purification of old and new histones in chromatin
Since soluble histones represent a minor fraction of the total histone pool23, these 
results suggested that the G1-arrested cells had incorporated new histone H3-
T7 into chromatin. To address this question we took advantage of the possibility 
of using the epitope tags for affinity purification of chromatin fragments 
containing old and new histones. Following chromatin immunoprecipitation 
(ChIP) the ratio of new H3-T7 over old H3-HA was determined by real-time 
quantitative PCR (qPCR) for promoter regions of a set of genes with different 
transcriptional properties and for an intergenic region (Fig. 4A). Histone 
exchange in chromatin was already detectable in switched G0 cells prior to 
release. After supplementation of fresh medium containing α-factor, exchange 
increased in the transition to the G1 arrest, and increased further during the 
arrest (2 and 5 h G1). Strikingly, five hours after release into the G1 block, 
the replacement of old H3-HA by new H3-T7 was quantitatively similar at 
different loci to that of cells that had just duplicated their genome and histone 
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content (3 h G2/M). This confirms that cells arrested in G1 had undergone 
rapid replication-independent exchange of chromatin-bound histones (Fig. 4A). 
However, histone exchange was not restricted to the G1 phase. Cells arrested 
in G2/M (from 3 h until 6 h) and even cells arrested by nutrient depletion (G0 
pre until G0 post) accumulated new H3-T7 during the arrest, albeit slower (Fig. 
3B and 4A). Identical results were obtained with a strain in which the old and 
new tags were swapped (H3-T7àHA; Fig. S3), showing that the characteristics 
of new histone deposition were not determined by the specific epitope tags. We 
conclude that replication-independent histone exchange is a common feature 
of arrested cells but the rate of exchange can vary between cell cycle phases.

Samples were taken at the estimated start of the arrest (2 h G1 and 3 h G2/M) and three 
hours later. (B) Quantitative immunoblot analysis of old and new histone H3 in whole-
cell lysates using antibodies against HA (old, blue), T7 (new, yellow) or an antibody 
raised against the spacer-LoxP sequence (LoxP) recognizing ‘old’ and ‘new’ proteins 
simultaneously. (C) Relative H3-T7/H3-HA ratios (New/Old) were calculated based on 
the ratio of the top band (H3-HA) and bottom band (H3-T7) of the LoxP blot (absolute 
values) and the ratio of HA and T7 signals (arbitrary units). 

Figure 3. Global histone exchange 
determined by immunodetection. 
(A) Yeast strains were grown 
to saturation (here referred to 
as G0) in complete medium 
and recombination was induced 
overnight (switch) by addition 
of hormone (Figure S1). Cells 
were released in fresh media and 
arrested in G1 (alpha factor) or 
G2/M (nocodazole). 
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strain was used as a reference sample. A wild-type strain without a RITE tag showed 
very similar expression profiles (Figure S4). (C) Histone turnover in H3-T7àHA cells 
without any arrest was determined by induction of Cre-recombinase in log-phase cells 
(OD660=0.25).The percentage of cells that had undergone recombination (Rec) is indicated 
for each time-point (determined by a colony plating assay). Histone replacement at 
promoters was determined by ChIP (HA/T7).

RITE allowed a direct and quantitative comparison between G1 and 
G2/M cells, which demonstrated that cells arrested in G1 replaced half of the 

Figure 4. 
Replication-
independent 
transcription-
coupled histone 
turnover quantified 
by affinity 
purification. 
(A) Analysis of 
chromatin-bound 
histones by ChIP 
of HA (old) and T7 
(new) histone H3 
quantified by real-
time quantitative 
PCR (qPCR). 
Histone exchange 
(ratio of new/old) 
was determined 
for promoters 
of the indicated 
genes and an 
intergenic region 
on chromosome 
V (No-ORF). The 
genes are ranked 
by estimated 
transcription 
frequency in log-
phase, from low 
(white) to high 
(black) frequency. 
The result shown 
is the average 
of two individual 
experiments (± 
SEM). The box is 
a zoom-in of the 
G0 time points. 
(B) Relative mRNA 
expression levels 
were determined 
by reverse-
transcriptase qPCR 
(RT-qPCR). An 
S-phase sample of 
the same H3-RITE 
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old histones by new histones within five hours by replication-independent 
mechanisms. Analysis of mRNA expression levels during the different phases 
of the cell cycle showed that the rate of histone exchange was coupled to the 
level of transcription at each time point or to previous transcription events (Fig. 
4B, Fig. S4). Analysis of the inducible GAL1 promoter showed that induction 
of transcription caused an increase in histone exchange (Fig. S4), suggesting 
that transcription leads to histone exchange. In addition, transcription-coupled 
histone exchange also occurred in coding regions, at rates similar to the rates 
found at promoters (Fig. S5). Transcription-coupled histone exchange might be 
a specific property of arrested cells that cannot replace histones by replication-
dependent mechanisms. To investigate this possibility, histone exchange in 
chromatin was determined in log-phase cells that had been grown for many 
generations without a growth arrest (Fig. 4C). In these cycling cells new histone 
H3-HA was also incorporated more efficiently in highly transcribed genes (Fig. 
4C), suggesting that transcription-coupled histone exchange occurred on top 
of replication-dependent histone deposition. In addition, monitoring of old and 
new histones during successive cell divisions showed that transcription-coupled 
histone deposition was maintained during at least three cell divisions (Fig. S6). 
Thus, biochemical purification of old and new histones revealed that chromatin 
is a very dynamic macromolecular complex in dividing as well as non-dividing 
cells and that transcription is a key determinant of chromatin instability. 

Fluorescent RITE to monitor proteasome replacement in time and 
space 
The methods discussed above probe protein dynamics in pools of cells. To 
visualize the behavior of old and new proteins in single cells, a fluorescent RITE 
cassette was constructed that switches from a green fluorescent protein (GFP) 
tag to a monomeric red fluorescent protein (mRFP) tag (Fig. 5A). To illustrate 
the use of fluorescent RITE, a constituent protein of another macromolecular 
complex, the proteasome, was tagged. Specifically, we constructed a yeast 
strain where the only endogenous PRE3 gene, encoding a catalytic β-subunit 
of the proteasome, was tagged with the GFPàmRFP RITE cassette. This 
strain has a normal growth rate, indicating that the RITE-tagged subunit is 
functional, since deletion or mutation of PRE3 is lethal. We note that yeast cells 
expressing H3-GFPàmRFP were inviable, indicating that not every protein can 
be safely tagged with the larger GFPàmRFP RITE cassette. To visualize the 
replacement of old by new proteasomes by microscopy, recombination was 
induced in G0 (Fig. 5B), during which very little proteasome synthesis occurs. 
Since the proteasome is a stable complex, many old proteasomes (Pre3-GFP) 
remain that are slowly replaced by new proteasomes (Pre3-mRFP) (Fig. 5C). 
When the cells were released in fresh media the old proteasomes were more 
swiftly replaced by new proteasomes due to dilution during cell division (Fig. 
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5C). In yeast and mammalian cells the proteasome is present in both the 
nucleus and the cytosol24. Quantification of GFP and mRFP signals showed that 
in the switched yeast cells, the appearance of new proteasome and loss of old 
proteasome followed similar kinetics in the two compartments (Fig. 5D). Thus 
fluorescent RITE enables visualization of replacement of old by new proteins 
in living cells in time and space during cell cycle arrests and during successive 
cell divisions.
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Discussion
Here we show that RITE is a versatile method to study different parameters 
of protein dynamics such as protein turnover and exchange of subunits in 
macromolecular complexes. In contrast to other methods such as pulse-chase 
labeling, inducible expression, methods based on differential fluorescence, or 
TimeStamp3, 5, 6, 13, 25, RITE provides the unique possibility to simultaneously 
monitor old and new proteins and to do so by multiple techniques. RITE 
has important additional advantages over existing technologies. It does not 
require addition of UV light, chemicals or labels, circumventing the need for 
expensive ultra sensitive mass spectrometry technologies. Furthermore, since 
no heterologous inducible promoters are required to differentially express old 
and new proteins, tagged genes are regulated by their endogenous promoter 
and the switch can occur without perturbation under any condition of interest. 
Protein replacement of the stable proteasomes and histones could be assessed 
over long time periods in dividing and non-dividing cells, indicating that RITE 
is suitable to study the dynamics of long-lived proteins, which are typically 
difficult to study with more traditional methods. RITE should also be applicable 
to shorter lived proteins, however. Although it takes about two hours until the 
majority of the cells has switched, switched cells can already be detected as 
early as fifteen minutes after activation of Cre. RITE may be less suitable for 
studies of very short-lived proteins.  

The differential tagging of histone H3 showed that endogenously 
expressed canonical histones undergo turnover within chromatin in a 
transcription-dependent manner. Our results are in agreement with previous 
histone H3 turnover studies using time-controlled induced expression of 
a tagged ectopic histone copy in yeast8-12, 16, 26. The direct comparison to 
replication-dependent assembly of new histones indicates that replication-
independent histone exchange occurs at a high rate. This was unexpected 
when one considers the regulated expression of histones. We note that while 
H3 mRNA indeed peaks in S-phase when chromatin is duplicated, its expression 
is lower but still substantial outside of S-phase (Fig. 4B). 

Figure 5. Spatio-temporal analysis of old and new proteasomes by microscopy. (A) 
Schematic representation of fluorescent RITE. (B) PRE3-GFPàmRFP cells were grown 
to saturation (G0) and recombination was induced overnight (switch). Subsequently, 
cells were released in fresh media (release 1) and samples were taken at the indicated 
time points. Nine hours after the first release, cells were again supplemented with fresh 
media (release 2). Time points 3, 6, 9, and 24 h correspond to approximately 0.3, 
2, 3, and 8 cell divisions, respectively. (C) Representative confocal microscopy images 
of PRE3-GFPàmRFP grown as indicated in panel B and of control strains (PRE3-GFP 
and PRE3-mRFP). Hoechst was used as a nuclear counterstaining (blue). Scale bar 
represents 4 mm. (D) The GFP and mRFP fluorescent intensities of micrographs from 
panel C were quantified and the value shown for each time-point is an average of the 
mean fluorescence intensity in the nuclei, cytoplasm and total surface of 400 cells (± 
SD). Dashed lines indicate GFP and mRFP signals in control cells expressing GFP or mRFP 
only (the bottom dashed lines indicate background levels).
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This supports the idea that canonical histones are synthesized outside of 
S-phase for replication-independent histone exchange. Especially in starved 
cells, H3 mRNA is relatively abundant (Fig. 4B). The high rate of histone 
exchange suggests that post-translational modifications in chromatin are 
continuously being erased in dividing and non-dividing cells. Thus, replication-
independent histone exchange might provide cycling and non-cycling cells with 
a means to replace old histones that have acquired damage or that need to be 
epigenetically re-set. 

Using fluorescent RITE, replacement of old by new proteasomes in time 
and space was determined by microscopy. The amount of old proteasomes 
decreased at a very similar rate in the cytosolic and nuclear compartments, 
suggesting an even segregation during cell division and/or a fast re-equilibration 
between proteasomes in both compartments. Likewise, the appearance of new 
proteasome in both compartments followed similar kinetics, indicating that the 
translocation of new proteasome subunits into the nucleus is a relatively fast 
phenomenon (Fig. 5D). 

RITE is a widely applicable tool to dissect novel mechanisms and 
functions of protein dynamics. For example, RITE-tagged genes of interest 
and the Cre recombinase can be efficiently introduced into the collection of 
yeast deletion strains by one round of genetic crossing, which allows genome-
wide genetic screens for identification of factors involved in protein dynamics. 
RITE can also be applied to investigate whether new and aging proteins have 
different properties such as age-related post-translational modifications or 
whether they show differential segregation between mother and daughter 
cells. Finally, although we have validated RITE in budding yeast, with minor 
modifications RITE technology may be adapted for use in higher eukaryotes. 
The RITE cassettes are universally applicable and conditional versions of Cre 
recombinase have already been developed for many cell systems or even 
whole organisms27. 
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Materials and Methods
Yeast strains and growth conditions. Yeast strains and growth conditions 
are described in Table S1 and the supplementary methods. RITE cassettes 
contain an invariant short peptide spacer sequence (GGSGGS) that was found 
to be required for viability of strains carrying tagged histones. The spacer and 
ITSYNVCYTKLS peptide encoded by the LoxP DNA sequence are present in front 
of the epitope tags both before and after the switch. RITE cassettes were PCR 
amplified and targeted to the 3’ end of the endogenous genes by homologous 
recombination to tag the C-terminus and ensure regulation by the endogenous 
promoter. The hormone-dependent Cre-EBD (Cre-EBD78) was described 
previously22. A constitutively expressed copy was stably integrated in the yeast 
genome. For RITE experiments, yeast cells were grown overnight in YPD in the 
presence of Hygromycin B (200 µg/ml, Invitrogen). The cells were then diluted 
1:10 into fresh YPD and incubated for 30-36 hours. Recombination was induced 
by the addition of 1μM β-estradiol (E-8875 Sigma-Aldrich). Subsequently, 
cells were diluted 1:25 in fresh YPD media to release the cells back into the 
cell cycle. Cells enter G1 arrest upon addition of 0.5 ng/µl of α-factor and 
G2/M arrest upon addition of 15 µg/ml Nocodazole (Sigma-Aldrich). Detailed 
protocols for ChIP, RT-PCR, immunoblot, Southern-blot, FACS, and microscopy 
are described in the supplementary methods and Table S2. 
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Supplementary Methods
Yeast strains and plasmids. All S. cerevisiae strains used in this study 
are derived from S288C strains BY4705, BY4727, BY4741, BY47421 and are 
listed in Table 1. Plasmids pRS400, pFvL99 and pFvL100 were used for gene 
replacements by KanMX4, NatMX4, and HpHMX4, respectively2, 3. To generate 
pFvL99 and pFvL100, the PacI-BsmI KanMX4 insert of pRS400 was replaced by 
a PacI-BsmI fragment of pAG25 or pAG324, respectively. The drug resistance 
cassettes were amplified using the standard pRS primers. RITS cassettes were 
constructed by restriction enzyme based cloning of PCR fragments in a modular 
fashion to generate the following basic construct: NotI-spacer-LoxP-KpnI-Tag1-
Spe1-stop-ADH1term-BamHI-HygroMX-XbaI-LoxP-SalI-Tag2-BsrGI-stop.  
The following modules were used: spacer: GGTGGATCTGGTGGATCT, LoxP: 
ATAACTTCGTATAATG TATGCTATACGAAG TTATCA, HA: TACCCATACGATGTT-
CCTGACTATGCG, T7: ATGGCAAGCATGAC TGGTGGACAGCAAATGGGT, HphMX: 
1.8 kb fragment amplified from pFvL100 AGATTGTACTGA GAGTGCAC….. 
CGGTGTGAA ATACCGCACAG, ADH1 terminator: amplified from pFA6a-3HA-
KanMX5 CTTCTAA ATAAGCGA…… GGGATAACAGGGTAA. The encoded short 
peptide spacer sequence (GGSGGS) was found to be required for viability 
of strains carrying tagged histones. The 34bp LoxP DNA sequence is part of 
the coding region (resulting in the peptide sequence ITSYNVCYTKLS) and is 
present in front of the epitope tags both before and after the switch. RITS 
cassettes were PCR amplified and targeted to the 3’ end of the endogenous 
genes by homologous recombination to tag the C-terminus and ensure 
regulation by the endogenous promoter. The hormone-dependent Cre-EBD 
was described previously6. We used a derivative of this construct (Cre-EBD78) 
which is constitutively expressed and contains several mutations to make 
the recombinase more tightly dependent on β-estradiol7. A TDH3 promoter 
fragment, Cre-EBD78, and a CYC1 terminator sequence were cloned into 
pRS3031 to generate pTW040, which was linearized with Eco47III or MluI to 
integrate the construct at the HIS3 locus or CYC1 locus, respectively. 
Galactose induction. To perform a galactose induction the cells were grown 
to saturation in YP containing 3% raffinose. Since the cells cycle a little slower 
in raffinose than in glucose twice the amount of cells was grown for the same 
amount of time as previously. In order to release the cells into the cell cycle, one 
half of the culture was resuspended in YPD, the other half in YP + 1% raffinose 
+ 2% galactose. Both media contained 0.5 ng/µl of α-factor. To determine the 
speed of release in either media, the cells were grown identical to previously, 
but released into media containing 15 µg/ml Nocodazole. Cells were harvested 
every hour for FACS analysis of DNA content. 
Polyclonal antibody production. A polyclonal antibody was obtained by 
immunizing rabbits using the peptide GGSGGSITSYNVC*YTKLS against the 
spacer and LoxP sequence (the asterisk indicates the cysteine present as a 
sulfhydryl necessary for conjugation). For immunization 2 mg of the peptide 
was covalently conjugated to Imject Mariculture Keyhole Limpet Hemocyanin 
(mcKLH) (Pierce) as a carrier protein. The concentration of the conjugated 
hapten was determined using Bradford (Bio-Rad). Per immunization 100ug in 
1ml PBS was injected. Each rabbit received 3 boosts with 1 month intervals, 
two rabbits were immunized. Each antibody was tested for specificity using a 
WT, an HA and a T7 tagged strain. 
Southern Blotting. For Southern blotting 5x108 cells were spun and frozen 
at -80ºC. A histone H3 (HHT2) specific probe was made by PCR amplification 
using the primers: HHT2_HindIII_for: GAATCTTTCTGTGACGCTTGG and 
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HHT2_HindIII_rev GGGGAAGAACAGTTGGAAGG, resulting in a 650bp amplicon 
covering the region 576144 to 576794. When used on genomic DNA which was 
digested using the HindIII enzyme, the three bands recognized are specific 
for before the switch (3000bp), after the switch (931bp) or as an internal 
control (1538bp). Radioactive Southern blotting was performed using 50uCi of 
32P-dCTP; incubation was done overnight at 65ºC. 
Quantitatve Immunoblotting. For immunoblotting 5x107 cells were spun, 
washed once with cold 1xTE+0.2mM PMSF, pellet was frozen3. Whole-cell extracts 
were obtained from approximately 5x107 cells by the classical glass beads 
breakage method using 200μl of glass beads and SUMEB8 complemented with 
PMSF (1 mM), benzamidine (5 mM), pepstatin (1 µg/ml), leupeptin (1 µg/ml) 
and DTT (1 µM). The resulting lysate was separated onto a 16% polyacrylamide 
gel and blotted onto 0.45 μm nitrocellulose membrane. Membranes were 
blocked with 2% Nutrilon (Nutricia) in PBS. Primary antibody incubations were 
performed overnight in Tris-buffered saline-Tween with 2% Nutrilon, anti-HA 
(12CA5), anti-T7 (Abcam, 1:1000) and a polyclonal antibody obtained against 
the LoxP peptide (1:2500). Secondary antibody incubations were performed for 
45 minutes using LI-COR® Odyssey IRDye® 800CW (1:12.000). Immunoblots 
were subsequently scanned on a LI-COR Odyssey® IR Imager (Biosciences) 
using the 800 channel. Signal intensities were determined using Odyssey LI-
COR software version 3.0. Ratios of T7/HA were converted into %HA values by 
using a standard curve of samples with known amounts of H3-HA and H3-T7. 
These samples were generated by mixing cells expressing either only H3-HA 
(NKI4004) or H3-T7 (NKI4009) in various ratios of cell numbers. Blots of the 
standard curve and the experimental samples were processed simultaneously. 
Reverse-transcription. Ranking of genes based on estimated transcription 
frequencies was based on genome-wide mRNA expression and stability data 
from Holstege et al.9. Total yeast RNA was prepared from 5x107 cells of each of 
the indicated growth condition using the RNeasy kit (Qiagen) according to the 
manufacturer’s protocol10. RNA samples were treated with RNase free DNAse 
(Qiagen), and cDNA was made by using Super-Script II reverse transcriptase 
(Invitrogen). To obtain an S-phase sample, cells were synchronized for three 
hours in G1 using 0.5 ng/µl α-factor, released after two washes with YPD 
(containing 0.1mg/ml ProNase E if strain was bar1Δ) and isolated every 0.5 
h. By FACS analysis it was determined that 0.5 h after release the maximum 
amount of cells were in S-phase.
Chromatin immunoprecipitation. ChIP was performed as described 
previously3, 10, 11. Approximately 1x109 cells were fixed with 1% formaldehyde 
for 15 minutes room temperature. The formaldehyde was quenched with 
125mM glycine by shaking 5 minutes at room temperature. Cells were washed 
once in cold TBS + 0.2 mM PMSF, pellet was frozen at -80ºC.The chromatin 
was sheared using a bioruptor (Diagenode) for 6 minutes with 30 seconds 
intervals at high. The obtained fragments have an average size of 500bp, as 
determined on a 2% TAE gel stained with ethidium bromide and quantified 
using TINA software. The isolated chromatin of the equivalent of 5x107 cells was 
immunoprecipitated overnight at 4ºC using magnetic Dynabeads (Invitrogen) 
which were previously incubated with antibody o/n at 4ºC. 
Real-time PCR. ChIP DNA and cDNA was quantified in real-time PCR using the 
SYBR® Green PCR Master Mix (Applied Biosystems) and the ABI PRISM 7500 
as described previously2, 10. An input sample was used to make a standard 
curve, which was then used to calculate the IP samples, all performed in the 
7500 fast system software. As a measurement for exchange, the amount DNA 
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of the T7-IP was divided over the HA-IP.  Primers used for qPCR are listed in 
Table S2.
Staining cells with N-hydroxysuccinimide-Tetra-Ethylrhodamine (NHS-
TER). A 20% aqueous solution of an isomeric mixture of 5(6)-carboxyrhodamine 
(Rhodamine WT) was obtained from Abbey Color, Philadelphia, PA. The free 
acid was precipitated with concentrated hydrochloric acid (two equivalents) as 
described12. The precipitate was collected by centrifugation, and resuspended 
in 1M HCl. This procedure was repeated twice and the precipitate was frozen 
and freeze-dried to remove residual traces of water. The free acid was 
converted in an active N-hydroxysuccinimide (NHS) ester by condensation with 
N-hydroxysuccinimide mediated by the agent di-isopropylcarbodiimide (DIC). 
This is a relatively simple and very economical procedure compared to other 
fluorescent labeling approaches. To stain yeast cells, cultures were washed 
twice with PBS. Cells resuspended in PBS, NHS-TER was added (0.8 mg NHS-
TER per 108 cells) and incubated at room temperature for 15 minutes. Cells 
were washed 8 times with PBS and then resuspended in YPD medium. For 
each time point 107 cells were fixed for FACS analysis or confocal microscopy. 
The samples were fixed with 4% formaldehyde in PBS for 10 minutes at room 
temperature and washed with water. Cells were briefly sonicated. For confocal 
microscopy the pellet was resuspended in 1 ml water and cells were stained 
with Hoechst (1 μg/ml) as a DNA stain. The pellet was resuspended in 50 μl 
water and 2 μl of this solution was mounted in Vectashield mounting medium 
on a concanavalin-A coated cover slip. Confocal analyses were performed using 
a Leica TCS SP2 confocal system, equipped with Diode 405 and 561 lasers. 
Images were taken using a 63x 1.4 objective. Emission windows 415-540 and 
571-700 and Kalman averaging were used. For FACS analysis the cells were 
resuspended in 500 μl water. 
FACS analysis of DNA content and cell doubling. The DNA content was 
measured using SYTOX Green in flow cytometry as described previously2, 13, 
detection was done using a 530/30 filter. For FACS analysis of DNA content 
1x107 cells were spun briefly at maximum speed, resuspended in 1ml of 70% 
ethanol, and kept at -20ºC. NHS-TER stained cells were detected using a 585/42 
filter of the FACS calibur (Becton-Dickinson). For each measurement 100.000 
cells were counted. Analysis was performed using FCS express 2. To determine 
the percentage stained cells (mother) versus unlabeled cells (daughter), NHS-
TER stained cells were harvested at indicated time points. Additionally, cells 
were also counted using a count chamber and a wide field microscope. The 
signal in channel FL2 was divided into two regions based on a 100% and an 
unlabeled control, these regions were applied to all samples. The number  The 
percentage of labeled cells (L) was used to calculate the number of population 
doublings (Dp) by: L=100*0.5^Dp.
Microscopy. 5x106 cells were pelleted, washed once with water and fixed 
with 4% formaldehyde for 10 minutes at room temperature. Cells were then 
washed with water and nuclei were stained with Hoechst 33342 (Invitrogen, 
UK, 1 μg/ml) for 15 minutes at room temperature. Cells were then washed 
and resuspended in 100 ml water. Resuspended cells were mixed with one 
volume Vectashield mounting solution (Vector Laboratories) and mounted onto 
ConA-coated cover slips. The images were made using a Leica AOBS LSCM 
(Leica Microsystems), using a 405nm, a 488 and a 563nm laser to visualize 
Hoechst, GFP, and mRFP, respectively. Images were analyzed using customized 
Cell Profiler (open-source cell image analysis software). For each time point, 4 
different micrographs, each of them containing approximately 100 yeast cells 
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were quantified using the pipeline described below. 
Confocal microscopy pipeline The images were made using a Leica AOBS LSCM (Leica 
Microsystems equipped with a HCX PL APO lbd.bl 63x/NA 1.4 oil corrected objective 
lense (Leica, Mannheim, Germany). The acquisition software used was Leica LCS. Cells 
were imaged using a 405nm, a 488 and a 563nm laser to visualize Hoechst, GFP and 
mRFP respectively.
Pixel Size: 1
Pipeline:
 LoadImages
 Combine
 IdentifyPrimAutomatic
 IdentifySecondary
 IdentifyTertiarySubregion
 MeasureObjectIntensity
 MeasureObjectIntensity
 MaskImage
 IdentifyPrimAutomatic
 MeasureObjectIntensity
 Relate
Module #1: LoadImages revision – 2
How do you want to load these files?    Text-Exact match
Type the text that one type of image has in common (for TEXT options), or their position 
in each group (for ORDER option):    ch02
What do you want to call these images within CellProfiler?    OrigBlue
Type the text that one type of image has in common (for TEXT options), or their position 
in each group (for ORDER option). Type “Do not use” to ignore:    ch00
What do you want to call these images within CellProfiler? (Type “Do not use” to ignore)    
OrigRed
Type the text that one type of image has in common (for TEXT options), or their position 
in each group (for ORDER option):    ch01
What do you want to call these images within CellProfiler?    OrigGreen
Type the text that one type of image has in common (for TEXT options), or their position 
in each group (for ORDER option):    Do not use
What do you want to call these images within CellProfiler?    Do not use
If using ORDER, how many images are there in each group (i.e. each field of view)?    3
What type of files are you loading?    individual images
Analyze all subfolders within the selected folder?    No
Enter the path name to the folder where the images to be loaded are located. Type period 
(.) for default image folder.    .
Note - If the movies contain more than just one image type (e.g., brightfield, fluorescent, 
field-of-view), add the GroupMovieFrames module.    .
Module #2: Combine revision - 3
What did you call the first image to be combined?    OrigRed
What did you call the second image to be combined?    OrigGreen
What did you call the third image to be combined?    Do not use
What do you want to call the combined image?    RedGreen
Enter the weight you want to give the first image    1
Enter the weight you want to give the second image    1
Enter the weight you want to give the third image    1
Module #3: IdentifyPrimAutomatic revision - 12
What did you call the images you want to process?    OrigBlue
What do you want to call the objects identified by this module?    Nuclei
Typical diameter of objects, in pixel units (Min,Max):    8,20
Discard objects outside the diameter range?    Yes
Try to merge too small objects with nearby larger objects?    No
Discard objects touching the border of the image?    No
Select an automatic thresholding method or enter an absolute threshold in the range 
[0,1].  To choose a binary image, select “Other” and type its name.  Choosing ‘’All’’ will 
use the Otsu Global method to calculate a single threshold for the entire image group. 
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The other methods calculate a threshold for each image individually. “Set interactively” 
will allow you to manually adjust the threshold during the first cycle to determine what 
will work well.    Otsu Adaptive
Threshold correction factor    0.05
Lower and upper bounds on threshold, in the range [0,1]    0.2,1
For MoG thresholding, what is the approximate fraction of image covered by objects?    
10     Method to distinguish clumped objects (see help for details):    Intensity
Method to draw dividing lines between clumped objects (see help for details):    Intensity
Size of smoothing filter, in pixel units (if you are distinguishing between clumped objects). 
Enter 0 for low resolution images with small objects (~< 5 pixel diameter) to prevent any 
image smoothing.    Automatic
Suppress local maxima within this distance, (a positive integer, in pixel units) (if you are 
distinguishing between clumped objects)    Automatic
Speed up by using lower-resolution image to find local maxima?  (if you are distinguishing 
between clumped objects)    Yes
Enter the following information, separated by commas, if you would like to use the 
Laplacian of Gaussian method for identifying objects instead of using the above settings: 
Size of neighborhood(height,width),Sigma,Minimum Area,Size for Wiener Filter(height,
width),Threshold    Do not use
What do you want to call the outlines of the identified objects (optional)?    Do not use
Do you want to fill holes in identified objects?    Yes
Do you want to run in test mode where each method for distinguishing clumped objects 
is compared?    No
Module #4: IdentifySecondary revision - 3
What did you call the primary objects you want to create secondary objects around?    
Nuclei
What do you want to call the objects identified by this module?    Cells
Select the method to identify the secondary objects (Distance - B uses background; 
Distance - N does not):    Propagation
What did you call the images to be used to find the edges of the secondary objects? For 
DISTANCE - N, this will not affect object identification, only the final display.    RedGreen
Select an automatic thresholding method or enter an absolute threshold in the range 
[0,1]. To choose a binary image, select “Other” and type its name.  Choosing ‘’All’’ will 
use the Otsu Global method to calculate a single threshold for the entire image group. 
The other methods calculate a threshold for each image individually. Set interactively will 
allow you to manually adjust the threshold during the first cycle to determine what will 
work well.    Otsu Adaptive
Threshold correction factor    1.4
Lower and upper bounds on threshold, in the range [0,1]    0,0.1
For MoG thresholding, what is the approximate fraction of image covered by objects?    
20     For DISTANCE, enter the number of pixels by which to expand the primary objects 
[Positive integer]    10
For PROPAGATION, enter the regularization factor (0 to infinity). Larger=distance,0=intensity    
0.05
What do you want to call the outlines of the identified objects (optional)?    Do not use
Do you want to run in test mode where each method for identifying secondary objects 
is compared?    No
Module #5: IdentifyTertiarySubregion revision - 1
What did you call the larger identified objects?    Cells
What did you call the smaller identified objects?    Nuclei
What do you want to call the new subregions?    Cytoplasm
What do you want to call the outlines of the identified objects (optional)?    Do not use
Module #6: MeasureObjectIntensity revision - 2
What did you call the greyscale images you want to measure?    OrigRed
What did you call the objects that you want to measure?    Cells
        Nuclei
        Cytoplasm
        Do not use
        Do not use
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        Do not use

Module #7: MeasureObjectIntensity revision - 2
What did you call the greyscale images you want to measure?    OrigGreen
What did you call the objects that you want to measure?    Cells
        Nuclei
        Cytoplasm
        Do not use
        Do not use
        Do not use
Module #8: MaskImage revision - 3
From which object would you like to make a mask?    Cytoplasm
Which image do you want to mask?    RedGreen
What do you want to call the masked image?    MaskBlue
Do you want to invert the object mask?    No
Module #9: IdentifyPrimAutomatic revision - 12
What did you call the images you want to process?    MaskBlue
What do you want to call the objects identified by this module?    Aggregates
Typical diameter of objects, in pixel units (Min,Max):    3,15
Discard objects outside the diameter range?    Yes
Try to merge too small objects with nearby larger objects?    No
Discard objects touching the border of the image?    Yes
Select an automatic thresholding method or enter an absolute threshold in the range 
[0,1].  To choose a binary image, select “Other” and type its name.  Choosing ‘’All’’ will 
use the Otsu Global method to calculate a single threshold for the entire image group. 
The other methods calculate a threshold for each image individually. “Set interactively” 
will allow you to manually adjust the threshold during the first cycle to determine what 
will work well.    Otsu Global
Threshold correction factor    1
Lower and upper bounds on threshold, in the range [0,1]    0.35,1
For MoG thresholding, what is the approximate fraction of image covered by objects?    
0.01
Method to distinguish clumped objects (see help for details):    Intensity
Method to draw dividing lines between clumped objects (see help for details):    Intensity
Size of smoothing filter, in pixel units (if you are distinguishing between clumped objects). 
Enter 0 for low resolution images with small objects (~< 5 pixel diameter) to prevent any 
image smoothing.    Automatic
Suppress local maxima within this distance, (a positive integer, in pixel units) (if you are 
distinguishing between clumped objects)    Automatic
Speed up by using lower-resolution image to find local maxima?  (if you are distinguishing 
between clumped objects)    Yes
Enter the following information, separated by commas, if you would like to use the 
Laplacian of Gaussian method for identifying objects instead of using the above settings: 
Size of neighborhood(height,width),Sigma,Minimum Area,Size for Wiener Filter(height,
width),Threshold    Do not use
What do you want to call the outlines of the identified objects (optional)?    Do not use
Do you want to fill holes in identified objects?    Yes
Do you want to run in test mode where each method for distinguishing clumped objects 
is compared?    No
Module #10: MeasureObjectIntensity revision - 2
What did you call the greyscale images you want to measure?    OrigGreen
What did you call the objects that you want to measure?    Aggregates
        Do not use
        Do not use
        Do not use
        Do not use
        Do not use
Module #11: Relate revision - 2
What objects are the children objects (subobjects)?    Aggregates
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Supplementary Figures

Figure S2. Cell cycle progression and arrest monitored by flow cytometry. FACS analysis 
of DNA content to monitor release of starved cells from G0 (1C) into the G1 (1C) and 
G2/M (2C) blocks. Asterisks indicate the analyzed time points.

Figure S1. The efficiency of Cre-recombination 
in G0 cells determined by a plating assay. 
The efficiency of recombination in the cell 
population in G0 cells was determined by 
plating the yeast cells on non-selective media 
(YEPD) and subsequent replica plating to 
media containing Hygromycin (YEPD+HYG). 
The fraction of Hygromycin sensitive colonies 
indicates the fraction of recombined/switched 
cells (%Rec) before (Pre) and after (Post) 
activation of Cre-recombinase by addition of 
the hormone β-estradiol.

Figure S3. Histone exchange 
is independent of the order 
of the RITS tags. Starved 
switched cells (see Fig. 3) 
containing a ‘swapped-tag’ 
cassette that switches from 
T7 to HA (H3-T7àHA) were 
released into fresh media and 
arrested in G1 or G2/M. ChIP 
of T7 and HA was quantified 
by qPCR for the genes 
indicated. The 5 h G1 arrest 
time-point was not analyzed 
because this BAR1 wild-type 
strain degrades α-factor and 
escapes from the arrest after 
four hours. 
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specifically peaked late in the G1 arrest (Fig. 3C). Finally, relative exchange at HHT2 
was highest early in the G2/M arrest. Although HHT2 expression was low in G2/M, 
cells at this time point have just exited S-phase, during which transcription of histone 
genes was induced (Fig. 3D). Therefore, the presence of new H3-T7 might be a mark 
of previous transcription events. (B) To analyze thecausal effect of transcription on 
histone exchange, cells were starved and switched in mediu  m containing raffinose and 
subsequently released into medium containing glucose or galactose, to repress or induce 
the GAL1 gene, respectively. Cells were arrested in G1 for 4 hrs. (C) FACS analysis of 
cells starved in raffinose media and released in media containing nocodazole (G2/M 
arrest) and either glucose or galactose. Starved cells released in media with galactose re- 
entered more slowly into the cell cycle and showed lower overall new histone expression 
at this time point. Therefore, subsequent exchange ratios were determined relative to 
ADH1. (D) Histone exchange (ChIP T7/HA) at GAL1, HHT2 and IMD1.Upon activation 
of GAL1, deposition of new H3-T7 was increased at the GAL1 promoter indicating that 
transcription enhanced histone exchange.

Figure S4. Histone 
exchange correlates 
with mRNA 
expression levels. 
(A) To confirm that 
the RITE tags did 
not affect gene 
expression, mRNA 
was isolated from 
a wild-type strain 
(NKI2036) and 
relative expression 
levels were calculated 
at each indicated 
time. The relative 
expression levels 
are identical to 
those of the RITE 
tagged strain (Fig. 
4B). The relative 
mRNA expression 
patterns correlated 
very well with the 
observed histone 
exchange rates. For 
example, ADH2 was 
active under low 
glucose conditions 
in starved cells and 
repressed in cells 
released in glucose-
rich media. Indeed, 
ADH2 belonged to 
the genes with high 
exchange in arrested 
cells or shortly after 
release and then 
dropped to the low 
exchange at later 
time points (Fig.s 3C 
and 3D). ACT1, which 
was induced in cells 
arrested by α-factor,
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Figure S5. Histone exchange occurs at promoters and coding sequences. (A-D) RITS-
ChIP showed that new H3-T7 was readily incorporated in promoters by a transcription-
coupled process. However, histone exchange at promoter regions, which represent less 
than a quarter of the yeast genome, was insufficient to explain the global deposition of 
new H3-T7 (~50% of the total H3 pool) observed by immunoblots (Fig. 3B). Therefore 
histone exchange in coding sequences was also determined. Histone exchange at 
promoters (PRO) was determined as in Fig. 3C and compared to exchange in coding 
sequences (ORF) of ACT1 and ADH1, and in addition of two long genes FMP27 and 
PMA1 to exclude effects of proximal promoter sequences. The location of the analyzed 
regions and the distance between promoter and ORF regions is indicated. (E) Relative 
mRNA expression levels in the H3-HAàT7 strains as shown in Fig. 3D nut now including 
the expression of PMA1 and FMP27.  Ectopically expressed histones in yeast have been 
shown to be predominantly incorporated in promoter regions largely irrespective of 
the level of transcription, whereas the lower level of exchange in ORFs correlated with 
transcription rates (1-7). Using RITS we found by ChIP that exchange of endogenous 
histones in ORFs was nearly as high as in promoters and this notion was supported 
by the global turnover of bulk histones that we detected by immunoblot (Fig. 3B). In 
addition, the rate of exchange of endogenous histones in ORFs as well as promoters 
correlated with transcription levels. Thus, transcription-coupled replication-independent 
exchange of histones occurred in promoters and coding regions. 
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Figure S6. Histone exchange in successive cell divisions. Starved switched H3-T7àHA 
cells were released into fresh media and harvested after one, two, and three rounds of 
cell division. To count cell divisions we developed a convenient and stable fluorescent 
cross linker, NHS-TER, which labels the yeast cell wall. Upon cell division, daughter 
cells or buds synthesize cell wall de novo and emerge as unlabeled cells whereas the 
mother cells retain the label (8) (A). Thus, the fraction of unlabeled cells, which can be 
quantitatively determined by FACS, is a measure of the number of cell doublings. (B) 
The cell wall of the starved cells was labeled with NHS-TER prior to induction of Cre 
recombinase to quantitatively determine the number of cells in the population that had 
undergone cell division. Mother cells retain the old cell wall and daughter cells make cell 
wall de novo, as confirmed by confocal microscopy (right panel; blue is Hoechst DNA 
staining). The percentage of unlabeled cells identified by FACS (left panel) indicates 
the percentage of new-born daughter cells in the population and corresponds to the 
percentage of chromatin that is new. (B) Starved H3-T7àHA cells stained with NHS-TER 
prior to Cre-induction were released after the switch into fresh media and samples were 
taken at the indicated time points to capture cells after 1, 2, and 3 cell divisions. The 
number of cell divisions in the population was confirmed by FACS. The percentage of cells 
that had undergone a cell division (d) relates to the percentage of unlabeled cells (u) by 
100*u=d/(100+d). (C) Histone replacement at promoters in samples described in panel 
B was determined by ChIP (HA/T7).
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Summary
Dynamic modification of histone proteins plays a key role in regulating 
gene expression. However, histones themselves can also be dynamic, which 
potentially affects the stability of modifications. To determine the molecular 
mechanisms of histone turnover we developed a parallel screening method 
for epigenetic regulators by analyzing chromatin states on DNA barcodes.  
Histone turnover was quantified by employing a genetic pulse-chase technique 
called RITE, which was combined with chromatin immunoprecipitation and 
high-throughput sequencing. In this screen, the NuB4 complex, containing the 
conserved type B histone acetyltransferase Hat1, was found to promote histone 
turnover. Unexpectedly, the three members of the NuB4 complex could be 
functionally separated from each other as well as from the known interacting 
factor and histone chaperone Asf1. Thus, systematic and direct interrogation 
of chromatin structure on DNA barcodes can lead to the discovery of genes and 
pathways involved in features of epigenetic regulation. 

Highlights
•	 the chromatin status on short DNA barcodes directly reports on chromatin 

changes in mutant cells
•	 DNA barcode ChIP-sequencing allows for parallel screening of epigenetic 

regulators
•	 a yeast chromatin barcode screen revealed regulators of histone turnover
•	 members of the NuB4 acetyltransferase complex promote histone turnover 

by multiple mechanisms

Introduction
The epigenetic landscape in the cell is dynamic and shaped by histone 
modifying and demodifying enzymes. In addition, histones themselves can 
also be dynamic; they can be moved along the DNA through the action of ATP-
dependent nucleosome remodeling enzymes or can be evicted and replaced 
by new histones. Many histone modifying and remodeling enzymes have been 
identified and several factors have been found to be involved in changing 
nucleosome occupancy during gene activation and repression1-3. Recent 
studies indicate that histones can also be replaced by replication-independent 
mechanisms that do not involve obvious changes in nucleosome occupancy3-9. 
The replacement of existing chromatin-bound histones by newly synthesized 
histones most likely affects the stability of chromatin marks and thereby 
epigenetic mechanisms of gene regulation. 

Histone replacement or turnover requires assembly and disassembly 
of nucleosomes, processes that most likely involve the action of histone 
chaperones. Chaperones are acidic proteins that bind the highly basic soluble 
histone proteins and thereby prevent non-specific interactions of histones with 
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other proteins and DNA10-12. The HAT-B complex is one of the factors that binds 
newly synthesized histones H3 and H4 in the cytoplasm 13. This evolutionary 
conserved complex, composed of the chaperone Hat2 and the acetyltransferase 
Hat1 (also known as Kat1), acetylates newly synthesized soluble histone 
H4 on lysine 12 (H4K12) and lysine 5 (H4K5)14-17. Hat1 specifically acts on 
soluble histones because it is inactive towards chromatin-bound nucleosomal 
histones3. Whether the HAT-B complex or its acetyltransferase activity towards 
the H4 tail has any role in subsequent steps of histone trafficking or chromatin 
assembly is not known14. Cells lacking the HAT-B complex show no growth 
defect, indicating that acetylation of newly synthesized histones by Hat1 is not 
essential for replication-dependent histone deposition14. However, biochemical 
studies suggest that HAT-B guides newly synthesized histones from the 
cytoplasm to the nucleus, where it binds to the histone chaperone Hif1 to form 
the NuB4 complex and hand over the histones to other chaperones such as 
Asf118,19. Asf1 is involved in the stimulation of H3K56 acetylation on soluble 
histones prior to their deposition11,12. By binding to the chromatin assembly 
factor complex (CAF1) and chaperone Rtt106, Asf1 can subsequently deliver 
histones for deposition at the replication fork20-23. In addition, Asf1 can bind 
to the HIR complex and thereby deliver histones for replication-independent 
histone deposition11,12,20-22,24,25. How chaperones affect histone assembly and 
disassembly is still largely unknown but recent studies are starting to reveal 
some of the underlying mechanisms23,26-29. 

We recently developed Recombination-Induced Tag Exchange (RITE) 
as an assay to measure histone turnover under physiological conditions7. 
RITE is a genetic pulse-chase method in which replacement of old by new 
histones can be examined by immunoblots or chromatin immunoprecipitation 
(ChIP). To unravel the significance of the high rate of histone turnover that 
we and others observed in yeast4-9,30, the underlying mechanisms will need to 
be identified. However, identification of genes involved in histone turnover is 
not straightforward. Screening for mutants that affect epigenetic processes is 
usually carried out using indirect read-outs such as activity of reporter genes 
or developmental phenotypes. Mutants that affect histone post-translational 
modifications have also been identified by global proteome analysis31. However, 
it is not clear whether and how histone turnover affects gene expression, 
reporter genes, or developmental phenotypes. As a consequence, no indirect 
reporter assays are available to screen for histone turnover genes by mutant 
hunts. The alternative, direct assessment of chromatin changes in mutant 
clones is typically laborious (involving ChIP-sequencing or ChIP-on-chip) and 
is usually not suitable for genetic screening. To speed up the discovery of 
histone turnover pathways, we directly interrogated chromatin structure using 
RITE combined with methods that have been developed for parallel analysis of 
fitness phenotypes in yeast32,33. Using this strategy we identified mutants that 
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both positively or negatively affected histone turnover and we provide the first 
in vivo evidence for a function of the HAT-B complex in histone exchange. 

Figure 1. Combining Epi-ID with RITE to screen for histone turnover mutants. Each 
mutant in the yeast deletion library contains at the location of the deleted gene a 
common selectable marker gene (KanMX; black box) flanked by two unique barcodes: 
UpTag and DownTag (U/D). A set of deletion mutants was crossed with an H3-HAàT7 
RITE strain to switch epitope tags on histone H3 and monitor replacement of old by new 
histones in mutants (histone turnover library). Following a RITE assay and ChIP (HA and 
T7) on a pool of mutants, barcode abundance in each ChIP experiment was measured by 
deep sequencing. After normalizing the datasets, histone turnover at each barcode was 
calculated by taking the ratio of new/old (T7/HA) histone ChIP signals. Predicted results 
of mutants with higher and lower turnover are indicated. 

Results
Outline of a barcode screen for histone turnover mutants
The collection of gene-deletion mutants in Saccharomyces cerevisiae enables 
the systematic analysis of gene function. A pair of unique DNA barcodes (UpTag 
and DownTag) is present in each yeast deletion strain, flanking a common 
selectable marker gene used to knock-out the respective genes (Figure 1). 
Molecular counting of the barcodes by DNA microarrays or digital counting by 
next-generation sequencing allows parallel analysis of the relative abundance 
of yeast clones in pooled cultures33,34. The fitness of each yeast deletion mutant 
can be inferred from the changes in the relative abundance of the barcodes 
after exposure to the condition of interest. Using these same principles, we 
reasoned that in a pool of yeast deletion mutants the relative abundance 
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of each barcode in a ChIP experiment might report on the abundance of a 
particular chromatin mark in that region in each mutant. Here we refer to the 
identification of epigenetic regulators by a barcode-ChIP-Seq approach as Epi-
ID (Figure 1). 
 To explore the possibilities of Epi-ID and to search for genes involved 
in histone turnover we used the genetic pulse chase method RITE to allow 
the detection of old and new histone H3 proteins in yeast7 (Figure1). Briefly, 
following deletion of one histone H3 gene copy, the sole remaining H3 gene 
was tagged with an HA tag flanked by LoxP sites, and a downstream orphan 
T7 tag. Initially all H3 proteins are tagged with an HA tag. Upon induction of a 
hormone-dependent Cre recombinase by the addition of estradiol, the HA tag 
in the genome is replaced by the T7 tag and from then on all newly synthesized 
H3 will be T7 tagged. Histone turnover results in replacement of H3-HA by H3-
T7, which can be detected and quantified by ChIP.

We then introduced the RITE elements into 92 clones of the yeast 
deletion collection using Synthetic Genetic Array (SGA) analysis35 (Figure 1). The 
deletions in this library represented genes known or suspected to be involved 
in epigenetic processes and a set of non-chromatin genes (Supplementary 
Table S1). The clones of this new library of RITE deletion mutants were first 
grown separately in liquid cultures, then pooled, and subsequently arrested 
by starvation to eliminate cell-cycle effects and replication-dependent histone 
deposition. Recombination was induced to switch the epitope tags and 
chromatin samples were taken before and one and three days after induction 
of the tag switch. ChIP was performed on old H3-HA and new H3-T7 (Figure 
1). The barcode regions in the bound DNA were amplified using common 
primer sequences and adapters to allow parallel sequencing on the Illumina 
platform. Four base pair index tags were introduced in each sample to allow 
multiplex analysis (Supplementary Figure S1). After digital barcode counting 
(see Methods) the relative ratio of new/old H3 was calculated as a value for 
replication-independent histone turnover in the pool of gene deletion mutants 
for each UpTag and DownTag barcode and for each of two time points after 
induction of the tag-switch (Figure 1, 2a). 

Validation of Epi-ID and candidate mutants.
We performed three analyses to test the validity of the concept of Epi-ID. First, 
we verified that the independent measurements of the two time points (day 
1 and 3) showed similar results (Figure 2b,c). Second, we compared UpTags 
with DownTags (U and D). The overall correlation between UpTag and DownTag 
barcodes suggests that position effects are not a major confounder in this assay 
(Figure 2d,e but also see Discussion). The few clones that did not correlate well 
between different time points or between UpTag and DownTag barcodes were 
eliminated from further analysis (see below). Third, the barcodes of the SIR3 
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and SIR4 deletion mutants (which do not mate and cannot be used for genetic 
crosses such as SGA), were integrated in the genome of strains constitutively 
expressing only H3-HA and only H3-T7, respectively. These clones were 
combined with the RITE library pool as internal positive and negative controls, 
respectively. The two control strains could be separated from each other at all 
three time points and at the UpTag and DownTag barcodes. They also provided 
an indication of the dynamic range of the turnover measurements in this assay. 
For further analysis, clones for which growth defects were observed after the 
tag-switch were eliminated (see Materials and Methods) and only those clones 
were included that showed low variation between the two time points and 
between UpTag and DownTag. The two control strains are shown as a reference 
(Figure 2f).

Of the resulting set of deletion mutants that passed the selection criteria, 
two clones with the lowest and two clones with the highest turnover signal 
were picked for validation. Each clone was grown individually and arrested 
by starvation. After induction of the epitope tag switch histone turnover was 
examined at four independent loci - IMD1, ADH2, HHT2, and ADH1- unrelated 
to the barcoded region analyzed in the parallel screen. The changes in 
histone turnover at these four loci was similar to the change measured at the 
barcodes, confirming that the chromatin changes of the barcodes reflected 
overall changes in the genome (Figure 2g). Nhp10 and Gis1 were found to 
be negative regulators of histone turnover. Hat1 positively regulated histone 
turnover. By a colony plating assay we noted that cells lacking HAP2 showed 
very poor Cre-mediated recombination, which was most likely the cause of the 
low ratio of new/old H3 in this clone (Supplementary Figure S2). This clone 
was excluded from further analysis. Given the high conservation of Hat1 and its 
known activity towards new histones, we focused our further studies on Hat1. 

The role of Hat1 in histone turnover
The histone acetyltransferase Hat1 together with the histone chaperone 
Hat2 forms the evolutionary conserved histone acetyltransferase 1B (HAT-B) 
complex that acetylates soluble histones. The acetylation marks are removed 
upon deposition of new histones in chromatin14. The functional consequences of 
Hat1’s activity are not well understood. Hat1 plays a role in gene silencing36 and 
DNA repair14, suggesting that it affects chromatin structure. However, many of 
these phenotypes require additional mutations in the c-terminal tail of histone 
H3 and how chromatin is affected by Hat1 is not known. Our findings provide 
direct in vivo evidence that the Hat1 protein is important for efficient histone 
turnover (Figure 2f,g). We first examined the role of Hat1’s enzymatic activity. 
A strain containing a catalytically compromised Hat1 protein (HAT1-E255Q)36 
showed a decrease in histone turnover similar to a hat1∆ strain (Figure 3a), 
suggesting that the acetyltransferase activity is important for efficient histone
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Figure 2. Epi-ID can identify histone turnover mutants. (A) Scheme of experimental 
set-up. (B-E) Comparison of new/old H3 ratios (T7/HA) of UpTags and DownTags and 
at two time points (one day; t=1, and 3 days; t=3), with Pearson correlations of 0.57, 
0.87, 0.71, 0.52 for panels b-e, respectively. (F) Deletion mutants with low variation in 
histone turnover between UpTag and DownTag barcodes and between two different time 
points were included for further analysis (see Methods). The T7/HA ratios of mutants are 
individually plotted, showing HA and T7 control strains as a reference. (G) Confirmation 
of two individual mutants of each of the extreme ends of the bar plot in panel F at four 
independent loci unrelated to the barcoded regions: IMD1, ADH2, HHT2, ADH1. Histone 
turnover (ChIP signals of T7/HA) in mutants is plotted relative to WT. The mutants are 
derived from the histone turnover library and are isogenic to NKI4128. The hap2Δ clone 
(*) caused low signals due to a recombination defect and was eliminated from further 
analysis.
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turnover. Hat1’s primary known targets are lysines 5 and 12 of histone H4 (H4K5 
and H4K12). Mutating H4K5 and H4K12 to glutamine (H4K5,12Q), mimicking 
constitutive acetylation, enhanced turnover of histone H3 at all loci tested. 
However, mutating the target lysines to arginine (H4K5,12R), mimicking the 
unacetylated state, only slightly affected histone H3 turnover (Figure 3b and 
Supplementary Figure S3). These results suggest that H4K5/K12 acetylation 
promotes histone turnover but that loss of acetylation of these sites is not 
sufficient to cause a histone turnover defect. 

Hat1 in yeast and other organisms was initially identified as a 
cytoplasmic histone acetyltransferase13,14. More recently, Hat1 was also found 
to be (predominantly) localized in the nucleus14,19,36-38. To investigate whether 
the role of Hat1 in histone turnover is mediated by a cytoplasmic or nuclear 
activity, we next examined the consequences of fusion of Hat1 to a nuclear 
export signal (Hat1-NES), which excludes Hat1 from the nucleus36. The NES 
fusion resulted in a modest decrease of histone turnover (Figure 3c), indicating 
that the cytoplasmic activity of Hat1 is not sufficient for Hat1’s function in 
histone turnover and that at least part of Hat1’s effect on histone turnover 
is mediated by a nuclear activity. To further investigate whether Hat1’s role 
in histone turnover is indeed linked to its nuclear location, we analyzed the 
nuclear binding partner of Hat1.

Figure 3. Role of Hat1 activity and localization 
in histone turnover. (A) The relative amount of 
histone turnover (new/old) was determined in a 
strain expressing a catalytically compromised Hat1 
protein (Hat1-E255Q). (B) Histone H3 turnover 
determined in strains expressing mutant histone 
H4 proteins in which lysines 5 and 12 were 
mutated to either arginine (H4K5/12R; mimicking 
the unacetylated state) or glutamine (H4K5/12Q; 
mimicking the acetylated state). (C) Histone 
turnover in strains in which Hat1 is predominantly 
maintained in the cytoplasm by fusion to a nuclear 
export signal (Hat1-NES). The standard error 
shows the spread of biological duplicates. 



C
h

ap
te

r 
4

Epigenetic regulator screen reveals role NuB4 in histone turnover

95

All members of the NuB4 complex promote histone turnover
In the nucleus the members of the HAT-B complex, Hat1 and Hat2, interact 
with Hif1 (Hat1 Interacting Factor-1) and form the nuclear NuB4 complex37,38. 
Hif1 belongs to the evolutionary conserved family of SHNi-TPR family of 
histone chaperones, which also includes Xl_NASP, Hs_N1/N2 and Sp_Sim319,39. 
To examine the role of the NuB4 complex in histone turnover, we deleted Hif1 
and compared this to independent deletions of Hat1 and Hat2. Although in 
this strain background, deletion of Hat1 did not affect histone turnover as 
much as in the mutant derived from the genetic cross with the yeast deletion 
collection or the catalytic mutant, cells lacking Hat2 or Hif1 showed reduced 
histone turnover, supporting the idea that the nuclear NuB4 complex plays a 
role histone turnover (Figure 4a). To genetically test whether Hif1 and Hat-B 
affect turnover by means of a common pathway or protein complex (NuB4), we 
generated double mutant strains for epistasis analysis. Previous studies have 
shown that Hat2 is a central component of the NuB4 complex. Deletion of HAT2 
disrupts the nuclear localization of Hat1 and interactions between Hif1, Hat1, 
and histones36-38. Unexpectedly, deleting either HAT1 or HAT2 in combination 
with HIF1 resulted in a more severe decrease in histone turnover than in either 
one of the single mutants, suggesting that Hif1 and Hat1/Hat2 act at least in 
part by independent mechanisms (Figure 4b). 

Histone turnover is strongly correlated with transcription by RNA 
PolII4-7. Therefore, one possible explanation for the observed histone turnover 
defects in mutants of the NuB4 complex could be global transcription defects. To 
investigate this possibility we performed expression profiling of single, double 
and triple mutants of Hat1, Hat2, and Hif1. In general, no major transcriptional 
changes (relative or absolute) were found in any of the mutants compared to 
WT (fold change >1.7, p<0.05). When examined in more detail, the expression 
profiles of mutants that contain a deletion of HIF1 and to a lesser extend 
HAT2, showed upregulation of the genes encoding histone H3 and H4 (Figure 
4c). Therefore, reduced histone H3 turnover was also not caused by reduced 
expression of (new) histones. Regulation of histone gene expression seems to 
be a common property of nucleosome assembly factors20,40, providing further 
support for a link between  the NuB4 complex and histone turnover. 

Biochemical studies suggest that the NuB4 complex interacts with Asf1, 
which led to the suggestion that NuB4 might hand over newly synthesized 
histones to Asf1 for subsequent transfer to nucleosome assembly factors18,19. 
However, the histone genes clearly respond differently to deletion of ASF1 
than to deletion of genes encoding members of the NuB4 complex20,40 (Figure 
4c), suggesting a more complex relationship. Unfortunately, we could not test 
the genetic relationship between Asf1 and Hat1 because deletion of Asf1 in 
the strain background used for the RITE assay is lethal, similar to what has 
been reported previously41. To investigate the connection between Hat1 and 
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Asf1 by alternative means, we used RITE as a convenient tool to examine 
the nature of the histone molecules bound to each protein. In cells that had 
recently undergone a tag-switch on H3 and therefore contained a mix of new 
and old histone H3, affinity purified Hat1 bound both new and old histones with 
a preference for new histones (Figure 5a-b and Supplementary Figure S4). 
Asf1 also bound both new and old histones but without a preference for new 
histones. (Figure 5a-b and Supplementary Figure S4). The binding of Hat1 and 
Asf1 to a different subset of the pool of soluble histones suggests that they 
affect different steps of chromatin assembly and disassembly.

Figure 4. Role of the 
NuB4 complex in histone 
turnover. (A) Histone 
turnover was determined 
in single mutants of the 
three members of the 
NuB4 complex and (B) for 
double mutants of hat1∆ 
and hat2∆ with hif1∆. (C) 
Heat map of expression 
changes of histone-
coding genes in different 
histone chaperone deletion 
mutants. Blue indicates 
downregulation, yellow 
upregulation. 
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subtraction of the background signal determined by the Pre3 and NoTap controls. Strains 
with swapped tags (H3-HAàH3-T7) showed a similar result (Figure S4). (C) Model 
for pathways of histone turnover. Hat1 predominantly binds new histone H3 (yellow), 
whereas Asf1 binds to new as well as old (blue) histones. Hif1 and Hat1/Hat2 have non 
overlapping functions suggesting that they do not solely act via the NuB4 complex. 
Previous biochemical studies18,19 showed that the NuB4 members bind to Asf1 and may 
transfer new histones to this chaperone for subsequent nucleosome assembly.

Discussion
Hat1 was the first histone acetyltransferase identified13,42. It is part of a multi-
subunit complex that interacts with histone chaperones and acetylates free 
histones but is inactive towards nucleosomal histones14,19. The biological 
significance of these biochemical activities of the Hat1 complexes remained 
elusive14. In genetic tests Hat1 was found to play a role in gene silencing 
and DNA damage response14. However, manifestation of these phenotypes 
required additional mutations in the C-terminal tail of histone H3 and whether 
these chromatin-related phenotypes are related to histone deposition defects 

Figure 5. Hat1 
and Asf1 bind a 
different subset of 
the soluble histone 
pool. (A) Following 
a RITE epitope-tag 
switch (H3-T7àH3-
HA); Tap-tagged 
Hat1 and Asf1 were 
immunoprecipitated 
from cells expressing 
a mix of old (HA) 
and new (T7) histone 
H3 proteins. Bound 
histone proteins 
were analyzed by 
immunoblots against 
the C-terminus of 
histone H3. H3-
HA and H3-T7 are 
separated due to 
a size difference. 
Tap-tagged Pre3, 
a proteasome core 
subunit, and no-
TAP strain were 
used as a negative 
control. (B) Signals 
were quantified 
using an Odyssey 
imaging system. H3 
binding efficiencies 
were calculated by 
determining the IP 
signal relative to the 
input signal, after
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remained unknown. By employing the Epi-ID barcode screen we found that 
Hat1 and subsequently also the other members of the NuB4 positively regulate 
histone turnover. To our knowledge our data provide the first evidence that a 
Type B histone acetyltransferase complex regulate histone assembly in vivo.  

Hat1’s only known and conserved substrates are lysines 5 and 12 of 
histone H4. Although the positive effect of acetylation mimics of these sites 
suggest that Hat1 exerts its turnover function via H4K5/K12 acetylation, 
mimics of the hypo-acetylated state of these residues did not cause a turnover 
defect. One possible explanation of these results is that Hat1 has additional 
substrates that contribute to its role in histone turnover43. We do not know 
whether other substrate lysines on histones or perhaps non-histone proteins 
are also involved and play redundant functions with the acetylated histone H4 
tail. The nuclear function for Hat1 in histone turnover indicates that Hat1’s 
role in histone metabolism may be more complex than previously anticipated 
and extends beyond the acetylation of newly synthesized histones. This is in 
line with observations that Hat1 can be recruited to chromatin at origins of 
replication and DNA double strand breaks44,45 and with the role of members 
of the NuB4 complex in depositing histones following repair of a DNA double 
strand break (M. Parthun, personal communication). Unexpectedly, our studies 
revealed that Hat1 and Hat2 act in parallel with Hif1, and that Hat1 and Asf1 
bind a different subset of the soluble histone pool. In previous studies Hat1/
Hat2, Hif1, and Asf1 have been shown to bind to each other19, which led to 
the suggestion that Asf1 acts downstream of Hat1/Hat2/Hif1 and passes on 
new histones acetylated on H4K5/K12 (and H3K56) to chromatin assembly 
factors CAF-I, HIR, and Rtt10611,12. Our results suggest that Hat1/Hat2, Hif1 
and Asf1 act, at least in part, via distinct pathways of chromatin assembly and/
or disassembly (Figure 5c). The equal binding of Asf1 to new and old histones 
suggests that Asf1 may be involved in depositing as well as escorting histones 
evicted from chromatin (Figure 5c), which is in concordance with the finding 
that H3K56 acetylation (mediated by Rtt109/Asf1) is a mark of new histones, 
yet is important for histone eviction and nucleosome destabilization11,26. Indeed, 
histone chaperones may not exclusively function in chromatin assembly46. For 
example Nap1, which can escort H3/H4 and H2A/H2B and assemble histone 
octamers into nucleosomes, but may orchestrate this by promoting nucleosome 
disassembly26. Another example is CAF1, which is involved in replication-
coupled assembly of new histones into chromatin, yet histone H3 bound to this 
complex (or to Rtt106 or Asf1) contains methylated H3K79 23, which is a mark 
of chromatin-bound histones47,48. 

What are the functional consequences of altering histone turnover? 
Deletion of HAT2 or HIF1 results in a moderate increase in expression of genes 
encoding histone H3 and H4. We expect that this may be a response to the 
histone turnover defects caused by deletion of Hat2 and Hif1, since deletion 
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of Hat1, which overall has a lower impact on histone turnover, did not affect 
histone gene expression. No changes in growth or cell cycle progression were 
observed for single, double, or triple hat1Δ, hat2Δ, hif1Δ mutants (Figure 4C 
and Supplementary Figure S5). Apparently, slowing down turnover of histone 
H3 by loss of the NuB4 complex has no profound consequences under these 
conditions. The identification of additional mutants in future screens will help 
to further deconstruct the pathways of histone turnover and to discover their 
biological significance. In the Epi-ID screen we also identified Gis1 and Nhp10 
as negative regulators of histone turnover. Gis1 is a zinc-finger transcription 
factor involved in regulation of stress genes49 and contains a Jumonji domain, 
which has been associated with histone demethylase activity50. Gis1 has also 
been reported to bind to several factors involved in DNA metabolism51. It will 
be interesting to test whether any of these Gis1-binding proteins or its putative 
demethylase activity is involved in this novel function of Gis1. Nhp10 is a non-
essential subunit of the essential INO80 chromatin remodeling complex that 
can move or mobilize nucleosomes. Two recent studies suggest a role for INO80 
in redeposition of histones during induced transcription52,53. That Nhp10 slows 
down histone turnover provides further support for the idea that the INO80 
complex can help to preserve the chromatin architecture during transcription. 
In an Epi-ID screen using 1536 chromosome biology mutants in which the old 
and new tags on histone H3 were swapped (old-T7 and new-HA), NHP10 and 
GIS1 mutants also showed more histone turnover (data not shown), indicating 
that the phenotypes observed were not caused by tag-specific effects and that 
Epi-ID can be scaled up.
 The application of Epi-ID is not restricted to histone turnover. In fact, 
for most other epigenetic marks such as histone modifications or nucleosome 
occupancy Epi-ID can be applied without the elaborate genetic crosses and 
genetic switches that are required for screens based on the RITE pulse chase 
assay. Future applications in yeast may benefit from other barcoded mutant 
collections that are being developed54-56. Although our study suggests that 
position effects of the barcoded marker are not major confounders in Epi-
ID and can be (at least in part) excluded by comparing UpTag with DownTag 
barcodes, DNA barcodes at a common genetic locus separated from the gene 
deletion would be preferable for epigenetic screens. The recently developed 
Yeast Barcoders Library represents such a collection in which barcoded markers 
are integrated at the common HO locus thereby providing opportunities to 
further expand and improve the application of Epi-ID in yeast. Finally, the basic 
principles of this approach should also be applicable to other barcoded mutant 
libraries, such as barcoded episomes, or transposon or virus insertion libraries, 
in yeast and other organisms.
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Methods
Yeast strains, plasmids, and media. Yeast strains used in this study are 
listed in Supplementary Table S2 and the Supplemental Methods. Yeast media 
were described previously7. 
Switch assay. The switch assay was performed as described previously7 with 
a few adjustments. In short, all strains were grown in 600 µl YPD containing 
Hygromycin (200 µg/ml, Invitrogen) in 96-well format for three nights at 30 
°C. Cells were then pooled in 50 ml of saturated media without Hygromycin 
containing 1 μM β-estradiol (E-8875, Sigma-Aldrich). Approximately 1x109 cells 
were fixed with 1% formaldehyde for 15 minutes before addition of β-estradiol 
(t=0), after 16 hours (t=1) and after 3 additional days (t=3) for chromatin 
immunoprecipitation. In the follow-up analysis of candidate turnover mutants, 
we identified several possible confounders in our specific turnover screen. Lack 
of a genetic tag-switch or growth defects after induction of Cre-recombinase 
can result in reduced new histone synthesis and nucleosome assembly. Clones 
in which such defects were observed were eliminated from the screen.
ChIP-Seq. ChIP was performed as described previously7. One tenth of each 
sample was taken as input. After DNA isolation all samples were amplified 
using different SeqiXU1 primers in combination with P7U2 for the amplification 
of the UpTag and SeqiXD1 primers with P7D2 for amplification of the DownTag 
(primers are listed in Supplementary Table S3). PCR amplification was 
conducted in 50 µl reactions using Phusion® DNA polymerase (Finnzymes) 
with the following conditions: 10 cycles of 98 °C/15 s, 56 °C/15 s, 72 °C/20 
s; 20 cycles of 98 °C/15 s, 72 °C/15 s, 72 °C/20 s. The amplicons of different 
conditions were pooled per tag, size separated on a 2% gel and the correct 
sized amplicons were excised and extracted using a Qiagen gel purification 
column. In a subsequent PCR reaction equal amounts of DNA of the UpTag and 
DownTag were amplified with primers P5seq and either P7U2 or P7D2 to attach 
the adapter fragments necessary for cluster formation and sequencing on the 
Illumina genome analyzer. PCR amplification was conducted in 50 μl reactions 
using Phusion® DNA polymerase with the following conditions: 10 cycles of 
98 °C/15 s, 56 °C/15 s, 72 °C/20 s; 20 cycles of 98 °C/15 s, 72 °C/25 s. The 
indexed barcode libraries were analyzed on an Illumina GAII genome analyzer 
and processed as described in the Supplemental Methods. Turnover analysis of 
individual mutants was performed as described in the Supplemental Methods.
TAP-IP. The equivalent of 1x109 cells was washed with cold TBS, resuspended 
in 1ml cold TBS with a protease inhibitor cocktail. All steps were performed 
cold at 4 °C unless otherwise stated. Cells were briefly spun and the pellet was 
frozen at -80 °C. The pellet was dissolved in 400 µl lysis buffer (25 mM Hepes 
pH 7.9, 50 mM NaCl, 0.1% NP-40, 1 mM EDTA, 10% glycerol) containing a 
protease inhibitor cocktail. Cells were lysed by the addition of 400 µl glass 
beads and vortexing for 15 min on a multivortex. The total lysate was spun at 
maximum speed for 5 min, the soluble fraction was transferred to a new tube 
and 1 ml of lysis buffer was added. The lysate was then spun for 5 min 14K, 
transferred to a new tube, then spun for 15 min 14K and again transferred to 
a new tube. Of this fraction 50 µl was used as input, the rest was incubated 
with 30 µl IgG beads (Invitrogen) for 2 hrs. The beads were washed three 
times with cold lysis buffer for 5 min and once with TEV buffer (50 mM Tris pH 
8, 0.5 mM EDTA, 50 mM NaCl, and 1 mM DTT). The beads were resuspended 
in 100 µl TEV buffer to which 175 µg recombinant TEV protease is added and 
kept overnight. The soluble fraction contains the immunoprecipitated fraction 
and was analyzed by quantitative immunoblotting. Lysates were separated a 
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16% polyacrylamide gel and blotted onto 0.45 μm nitrocellulose membrane. 
Membranes were blocked with 2% Nutrilon (Nutricia) in PBS. Primary antibody 
incubations were performed overnight in Tris-buffered saline-Tween with 
2% Nutrilon, using a polyclonal antibody obtained against the LoxP peptide 
(1:2500)7. Secondary antibody incubations were performed for 45 minutes 
using LI-COR® Odyssey IRDye® 800CW (1:12.000). Immunoblots were 
subsequently scanned on a LI-COR Odyssey® IR Imager (Biosciences) using 
the 800 channel. Signal intensities were determined using Odyssey LI-COR 
software version 3.0.
FACS analysis. The DNA content was measured by flow cytometry as described 
previously7, using SYTOX Green and a 530/30 filter (Becton-Dickinson). 
Analysis was performed using FCSexpress2. 
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Supplemental Methods
Yeast strains. The pilot set of mutants (see Table S4) was manually made 
from the MATa haploid gene knockout library (Open Biosystems). H3-RITE 
(strain NKI4114) was crossed in duplicate with 92 mutants by Synthetic Genetic 
Array analysis (Tong and Boone, 2006) with the following modifications. After 
mating, diploids were selected and kept on Hygromycin, G418 and CloNat 
triple selection on rich media for one night. After 13 days on sporulation media 
a series of selections followed to select for the proper MAT haploids: twice on 
haploid MATa selection (YC-His+Can+SAEC), twice on triple resistance selection 
(YC-His+Can+SAEC+MSG+ Hygromycin, G418 and CloNat), and then twice on 
YC-His-Leu to select for H3-RITE strains in which the second, untagged, copy 
of H3 was deleted by insertion of LEU2. NKI2178 and NKI4179 are derivatives 
of BY4733. Plasmid pTW087, which was used to make strain NKI2178, was 
made by inserting a 6xHis tag behind the HA tag into pFvL118 (Verzijlbergen 
et al., 2010) by PCR mutagenesis. Plasmid pTW088, which was used to make 
strain NKI4197, was made by replacing the HA tag in pTW081 (Verzijlbergen 
et al., 2010) by a HA-6xHIS tag generated by PCR amplification from pTW087. 
NKI4128 was derived from a cross between Y7092 and NKI4004 (Verzijlbergen 
et al., 2010; Tong and Boone, 2006). NKI8013 and NKI4140 were derived from 
NKI4179 and NKI4128 after elimination of the first tag and HphMX marker by 
induction of recombination. BAR1 was deleted using pMPY-ZAP.
Mapping Sequence Reads. The indexed barcode libraries were analyzed 
on an Illumina GAII. Sequence reads were expected to have the following 
composition: 4 bp index (i), 18 bp common UpTag (U1) or 17 bp common 
DownTag (D1) primer sequence, up to 20 bp unique UpTag or DownTag barcode 
sequence. A database of expected sequence reads was generated by combining 
the barcode sequences originally designed (http://www-sequence.stanford.
edu/group/yeast_deletion_project/deletions3.html) with corrected sequences 
based on re-sequencing of the barcodes of the yeast diploid heterozygous 
deletion collection (Eason et al., 2004; Smith et al., 2009). Multiplex indexed 
barcodes were identified at position 1 to 6 allowing no mismatches. Barcodes 
were identified starting at position 22, 21, or 23, respectively, initially allowing 
no mismatches over a length of 11 nt. Unidentified reads were further analyzed 
in a second round by FASTA using the optimal alignment of gene tags. FASTA 
alignments were only considered with a minimal alignment length of 10 bases 
and a minimal identity of 90%. Only alignments that start within 2 bases from 
position 22 were allowed and alignments were not allowed to stop more than 
5 bases from the end of the barcode. A set of unused barcodes (Smith et al., 
2010; Pierce et al., 2007) was used to verify that allowing mismatches did not 
lead to a high false discovery rate and to determine cut-offs for P-values (see 
below). Out of a total number of 7446311 reads, 6249225 could be assigned 
to an indexed barcode amplicon. The mapped sequence reads were binned in 
UpTag and DownTag barcode fractions, further binned in sample fractions using 
the 4 bp indexes, and then the relative abundance of each barcode within each 
specific bin was determined using reads per million counts for each bin. Based 
on the behavior of the unused barcodes, to avoid false positive assignments 
clones with outlying up / down ratio counts (P-value < 0.01) in any of the 
indexed samples were excluded from further analysis. Histone turnover was 
determined by calculating the ratio of T7 ChIP over HA ChIP for t=1 and t=3 
days (t=1, t=3) and for the UpTag and DownTag barcodes. Only clones with a 
low variation between these four samples (SD < 0.17; and thereby only clones 
for which both the UpTag and DownTag barcode were identified) were included 
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for further analysis. Cut offs for variation were set such that all false positive 
identifications of the unused barcode set were excluded. Of the 92 clones in the 
screen, 53 were included in the final dataset. Drop-outs were caused by the 
genetic crossing or by the stringent selection criteria. 
Follow-up analysis of individual mutants. Strains were grown individually 
to saturation in 50 ml of YPD; ChIP was performed only on samples after 
three days of saturation. ChIP DNA was quantified in real-time PCR using the 
SYBR® Green PCR Master Mix (Applied Biosystems) and the ABI PRISM 7500 
as described previously. An input sample was used to make a standard curve, 
which was then used to calculate the IP samples, all performed in the 7500 fast 
system software. As a measurement for turnover, the amount DNA of the T7-IP 
was divided over the HA-IP. Primers used for qPCR are listed in Supplementary 
Table S4. 
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Supplemental Table S1: Yeast strains in Epi-ID histone turnover screen 
ORF Name Included
YAR003W SWD1 0
YBL008W HIR1 0
YBL052C SAS3 0
YBR114W RAD16 0
YBR173C UMP1 1
YBR175W SWD3 0
YBR195C MSI1 0
YBR245C ISW1 0
YBR289W SNF5 1
YDL002C NHP10 1
YDL074C BRE1 1
YDR096W GIS1 1
YDR099W BMH2 1
YDR143C SAN1 0
YDR191W HST4 1
YDR216W ADR1 0
YDR227W SIR4-T7 1
YDR334W SWR1 1
YDR363W ESC2 1
YDR392W SPT3 0
YDR477W SNF1 1
YDR519W FPR2 1
YER030W CHZ1 1
YER051W JHD1 0
YER111C SWI4 1
YER164W CHD1 0
YER169W RPH1 0
YER177W BMH1 1
YFL007W BLM10 1
YFL013C IES1 0
YFL033C RIM15 1
YGL058W RAD6 0
YGL115W SNF4 0
YGL133W ITC1 1
YGL163C RAD54 0
YGL194C HOS2 1
YGL237C HAP2 1
YGL244W RTF1 0
YGR056W RSC1 1
YGR159C NSR1 1
YIL094C LYS12 1
YIL112W HOS4 1
YIL131C FKH1 1
YJL093C TOK1 1
YJL168C SET2 1
YJL176C SWI3 0

YJR043C POL32 1
YJR082C EAF6 1
YJR119C JHD2 1
YJR140C HIR3 0
YKL113C RAD27 0
YKR029C SET3 0
YKR048C NAP1 1
YLR032W RAD5 1
YLR085C ARP6 1
YLR182W SWI6 1
YLR357W RSC2 1
YLR442C SIR3-HA 1
YLR449W FPR4 1
YML074C FPR3 0
YML102W CAC2 1
YMR127C SAS2 0
YMR176W ECM5 1
YMR186W HSC82 1
YMR223W UBP8 0
YMR315W YMR315W 1
YNL021W HDA1 0
YNL135C FPR1 0
YNL136W EAF7 1
YNL206C RTT106 1
YNL334C SNO2 0
YOL012C HTZ1 1
YOL068C HST1 0
YOR025W HST3 1
YOR038C HIR2 0
YOR080W DIA2 0
YOR123C LEO1 0
YOR141C ARP8 0
YOR144C ELG1 1
YOR290C SNF2 0
YOR304W ISW2 1
YPL001W HAT1 1
YPL086C ELP3 0
YPL116W HOS3 1
YPL127C HHO1 1
YPL240C HSP82 0
YPL254W HFI1 0
YPR018W RLF2 0
YPR023C EAF3 1
YPR052C NHP6A 1
YPR068C HOS1 1
YPR193C HPA2 0
Total included 53
Total in starting set 92
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Supplemental Table S2: Yeast strains 
Strain Relevant genotype Reference

NKI2148

MATa his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 
ura3Δ0 hhf1-hht1∆::LEU2 hht2::HHT2-LoxP-
HA-HPHMX-LoxP-T7 HIS3::PTDH3-CRE-EBD78 
bar1∆::HisG

(Verzijlbergen 
et al., 2010)

NKI4114

MATα his3∆1 leu2∆0 ura3∆0 met15∆0 
can1∆::PSTE2-Sp-his5 hhf1-hht1∆::LEU2 
hht2::HHT2-LoxP-HA-HPHMX-LoxP-T7
 lyp1∆::NATMX-PTDH3-CRE-EBD78

This study

BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 (Brachmann et
 al., 1998)

BY4733 MATa his3∆200 leu2∆0 met15∆0 ura3∆0 
trp1∆63

(Brachmann et 
al., 1998)

NKI4128

MATa his3∆1 leu2∆0 met15∆0 ura3∆0
 can1∆::PSTE2-Sp-his5 hhf1-hht1∆::LEU2 
hht2::HHT2-LoxP-HA-HPHMX-LoxP-T7 
lyp1∆::NATMX PTDH3-CRE-EBD78

This study

NKI4004
MATa his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 
ura3Δ0 Δhhf1-hht1::LEU2 hht2::HHT2-LoxP-
HA-HYG-LoxP-T7

(Verzijlbergen 
et al., 2010)

NKI4140 NKI4128 after recombination HHT2-LoxP-T7 This study
NKI2161 NKI4004 DOT1::”SIR3-BC”-KANMX-DOT1 This study
NKI2162 NKI4140 DOT1::”SIR4-BC”-KANMX-DOT1 This study
NKI2191 NKI2148 hat1∆::KANMX This study
NKI2192 NKI2148 hat2∆::KANMX This study
NKI2187 NKI2148 hif1∆:: KANMX This study
NKI4169 NKI2191 hif1::NATMX This study
NKI4170 NKI2192 hif1::NATMX This study
NKI4182 NKI2191 hat2∆::NATMX This study

NKI2178

MATa his3∆200 leu2∆0 trp1∆63 ura3∆0 
met15∆0 hht1-hhf1::MET15 bar1::HisG HIS3
PTDH3_CRE_EBD78 hht2::HHT2-LoxP-HA-
6HIS-HPHMX-LoxP-T7

This study

NKI4179

MATa his3∆200 leu2∆0 trp1∆63 ura3∆0 
met15∆0 hht1-hhf1::MET15 
bar1::HisG HIS3::PTDH3_CRE_EBD78 
hht2::HHT2-LoxP-T7-HPHMX-LoxP-HA-6HIS

This study

NKI4174 NKI2178 HAT1-TAP-KANMX This study
NKI4175 NKI2178 HAT1E255Q-TAP-KANMX This study
NKI4187 NKI4179 HAT-TAP-KANMX This study
NKI4176 NKI2178 HAT1-MYC-TRP1 This study
NKI4177 NKI2178 HAT1-MYC-NES-TRP1 This study
NKI2193 NKI2148 hhf2::HHF2K5QK12Q This study
NKI2194 NKI2148 hhf2::HHF2K5RK12R This study
NKI4191 NKI2178 ASF1-TAP-KANMX This study
NKI4192 NKI4179 ASF1-TAP-KANMX This study
NKI4195 NKI2178 PRE3-TAP-KANMX This study
NKI4196 NKI4179 PRE3-TAP-KANMX This study
BY4742 MATα his3∆1 leu2∆0 ura3∆0 (Brachmann et 

al., 1998)
NKI2271 BY4747 hat1∆::NatMX This study
NKI2272 BY4747 hat2∆::NatMX This study
NKI2168 BY4747 hif1∆::KanMX This study
NKI4197 BY4747 hat1∆::KanMX hat2∆::NatMX This study
NKI2269 BY4747 hat1∆::NatMX hif1∆::KanMX This study
NKI2270 BY4747 hat2∆::NatMX hif1∆::KanMX This study
NKI4198a BY4747 hat1∆::HphMX hat2∆::NatMX 

hif1∆::KanMX This study

NKI4198b BY4747 hat1∆::NatMX hat2∆::HphMX 
hif1∆::KanMX This study
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Supplemental Table S3: Primers used for deep sequencing

Pr imer 
name

Primer sequence

P7U2 CAAGCAGAAGACGGCATACGAGATCGGCCATCAAAATGTATG
P7D2 CAAGCAGAAGACGGCATACGAGATTTTTCGCCTCGACATCATCT
Seqi1U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGCGATGTCCACGAGGTCTCT
Seqi2U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGGATGTCCACGAGGTCTCT
Seqi3U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCATGATGTCCACGAGGTCTCT
Seqi4U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTAGATGTCCACGAGGTCTCT
Seqi5U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGGATGTCCACGAGGTCTCT
Seqi6U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTGATGTCCACGAGGTCTCT
Seqi7U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGACGATGTCCACGAGGTCTCT
Seqi8U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCAGATGTCCACGAGGTCTCT
Seqi9U1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTGATGTCCACGAGGTCTCT
Seqi1D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGCCGGTGTCGGTCTCGTAG
Seqi2D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGCGGTGTCGGTCTCGTAG
Seqi3D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCATCGGTGTCGGTCTCGTAG
Seqi4D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGTACGGTGTCGGTCTCGTAG
Seqi5D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGCGGTGTCGGTCTCGTAG
Seqi6D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTCGGTGTCGGTCTCGTAG
Seqi7D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGACCGGTGTCGGTCTCGTAG
Seqi8D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCACGGTGTCGGTCTCGTAG
Seqi9D1 ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGCTCGGTGTCGGTCTCGTAG
P5seq AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

Supplemental Table S4: qPCR primers

Gene name Primer name Primer sequence
ADH1 ADH1 PRO ii fwd CCGTTGTTGTCTCACCATATCC
ADH1 ADH1 PRO ii rev GTTTCGTGTGCTTCGAGATACC
HHT2 HHT2_QFor1 GTGCCAAACGACCACAGTTG
HHT2 HHT2_QRev1 GGGCGTGCCAATAGTTTCAC
ADH2 ADH2 PRO ii fwd AACACCGGGCATCTCCAAC
ADH2 ADH2 PRO ii rev AAGTCGCTACTGGCACTC
IMD1 QFORimd1 TTTCGTGGGCTAGTACATTTTACCT
IMD1 QREVimd1 TGATAAGAAAAGTAAGGCAAGGAATAGA
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Supplemental Figure 1; related to Figure 1. Scheme showing PCR amplification 
strategy of barcoded regions around the KANMX selectable marker gene. A 
first round of amplification introduces an index sequence to barcoded regions of each 
experimental condition. A second round of amplification introduces the sequences 
required for Illumina sequencing. All mutants were grown individually to starvation, and 
then pooled into one culture. Before induction and one day and three days after induction 
of the tag switch samples were taken for HA and T7 immunoprecipitation and input. Each 
of these conditions was assigned a 4 bp index sequence as listed.

Supplemental Figure 2; related to 
Figure 2. Recombination defect 
in hap2Δ mutant. Upon deletion of 
HAP2, the efficiency of recombination 
(percent of cells that had lost the 
Hygromycin resistance gene) was 
impaired, leading to more background 
recombination before and less 
recombination after induction of the 
switch.
Supplemental Figure 3. Role of H4K5 
and K12 in histone turnover; related 
to Figure 3. The amount of histone 
turnover at the promoter region of four 
genes was determined (new/old) and 
plotted relative to WT. The standard error 
shows the spread of biological duplicates. 
Histone turnover was measured in histone 
H4 mutants carrying mutated lysines 5 
and 12 to either arginines (H4K5/12R), 
alanines (H4K5/12A) or glutamines 
(H4K5/12Q)
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Supplemental Figure 5; related to Fig. 4. Growth of mutants of the NuB4 
complex. (A) Mutant strains were grown under the conditions indicated after spotting 
on agar plates in 10-fold dilution series. Photos were taken after incubating the plates 
for 2-3 days. (B) Analysis of cell cycle profiles by staining for DNA content and analysis 
by flow cytometry. Strains were grown at 30°C in YPD media and harvested in log phase.

Supplemental Figure 4. Old and 
new histone H3 binding to Hat1 
and Asf1; related to Figure 5. (A) 
As explained in Fig. 5, following a RITE 
epitope-tag switch (H3-HAàH3-T7 
and H3-T7àH3-HA) tap-tagged Hat1 
and Asf1 were immunoprecipitated 
from cells expressing a mix of old 
and new histone H3 proteins. Bound 
histone proteins were analyzed by 
immunoblots against the C-terminus 
of histone H3. H3-HA and H3-T7 are 
separated due to a size difference. 
(B) Signals were quantified using 
an Odyssey imaging system. H3 
binding efficiencies were calculated by 
determining the IP signal relative to 
the input signal, after subtraction of 
the background signal determined by 
the Pre3 and NoTap controls. 
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Abstract
Replicating chromatin involves disruption of histone-DNA contacts and 
subsequent reassembly of maternal histones on the new daughter genomes. 
In bulk, maternal histones are randomly segregated to the two daughters, 
but little is known about the fine details of this process: do maternal histones 
re-assemble at preferred locations, or close to their original loci? Here, we 
use a recently-developed method for swapping epitope tags to measure 
the disposition of ancestral histone H3 across the yeast genome over six 
generations. We find that ancestral H3 is preferentially retained at the 5’ ends 
of most genes, with strongest retention at long, poorly-transcribed genes. We 
recapitulate these observations with a quantitative model in which the majority 
of maternal histones are reincorporated within 400 bp of their pre-replication 
locus during replication, with replication-independent replacement and 
transcription-related retrograde nucleosome movement shaping the resulting 
distributions of ancestral histones. We find a key role for Topoisomerase I in 
retrograde histone movement during transcription, and we find that loss of 
Chromatin Assembly Factor-1 affects turnover rather than replication-coupled 
spreading. Together, these results show that specific loci are enriched for 
histone proteins first synthesized several generations beforehand and that 
maternal histones re-associate close to their original locations on daughter 
genomes after replication. Our findings suggest that accumulation of ancestral 
histones could play a role in shaping histone modification patterns.

Introduction
In addition to the information encoded in DNA sequence, replicating cells can 
inherit epigenetic information, which refers to variable phenotypes that are 
heritable without an underlying change in DNA sequence. It is widely-accepted 
that chromatin, the nucleoprotein packaging state of eukaryotic genomes, 
provides one potential carrier of epigenetic information. Although definitive 
proof that chromatin per se carries epigenetic information during replication 
exists in very few cases1, genetic studies in numerous organisms have 
identified key roles for chromatin regulators in multiple epigenetic inheritance 
paradigms2,3.

The idea that chromatin structure carries epigenetic information 
poses a central mechanistic question – since chromosome replication involves 
dramatic perturbations to chromatin structure ranging from old histone 
displacement to widespread incorporation of newly-synthesized histones, how 
can chromatin states be stably maintained? To understand the mechanism by 
which chromatin states could be inherited, it is necessary to understand the 
unique challenges posed by histone protein dynamics during replication4,5,6,7. 
First, histones must at least transiently dissociate from the genome during 
passage of the replication fork – if old histones carrying epigenetic information 
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do not re-associate with daughter genomes at the location from which they 
came this could lead to “epimutation”, analogous to DNA bases moving relative 
to one another during genomic replication. Second, it is unknown to what extent 
newly-synthesized histones deposited at different loci differ in their covalent 
modification patterns. Finally, how old histones influence new histones, the 
basis for positive feedback, can be considered analogous to asking what the 
equivalent of base-pairing is during chromatin replication.

Classic radioactive pulse-chase studies demonstrated that, in bulk, 
maternal histones segregate equally to the two daughter cells4,8,9,10. It is 
unknown, however, whether maternal histones remain close to the locus from 
which they were evicted by the replication fork, or whether maternal histones 
are incorporated at preferred genomic loci in the two daughter genomes5,7,11. 
The extent of maternal histone dispersal affects the stability of epigenetic 
states in theoretical models of chromatin inheritance12, making experimental 
determination of this parameter a key goal for epigenetics research.
 To address these fundamental questions, we carried out a genetic pulse-
chase with epitope-tagged histone H313 to follow ancestral H3 for several cell 
divisions after removal of the ancestral tag. We find that old histone proteins 
do not accumulate at epigenetically-regulated loci such as the subtelomeres, 
but instead accumulate at the 5’ ends of long, poorly-transcribed genes. As 
expected, old histones do not accumulate at loci exhibiting rapid histone 
turnover, but we also find that 3’ to 5’ movement of old histones along coding 
regions and histone movement during replication are required to explain the 
patterns of ancestral histone retention we observe. We estimate that maternal 
histones stay within ~400 bp of their original location during replication, 
providing the first measure of this crucial parameter. Finally, we identify a 
number of factors that affect old histone localization, such as topoisomerase I 
and the H4 N-terminal tail, which both affect the 5’ bias in localization patterns. 
In contrast, CAF-1 mostly affects histone turnover at promoters. Together, 
these results provide a detailed overview of the movement of ancestral histones 
across multiple cell generations, and identify a number of mechanisms that 
play a role in shaping the landscape of ancestral histone retention.

Results
To follow the movement of old histone proteins over multiple cell generations, 
we utilized a novel pulse-chase technique13 to follow ancestral epitope-tagged 
histone H3 for several cell divisions after swapping epitope tags from H3-HA to 
H3-T7 (Figure 1A, B). We have previously described use of this technique to 
assay replication-independent H3 turnover in arrested cells, and have shown 
that prior to recombination all cells carry the H3-HA, and that recombination 
is 98% efficient in cells that are not dividing due to nutrient deprivation 
(Figure S1). Unlike inducible pGAL-based systems for measuring replication-
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independent histone dynamics14,15,16,17, here the epitope-tagged histone is 
under the control of its endogenous promoter, avoiding potential artifacts of 
H3/H4 misexpression18 on histone dynamics throughout the cell cycle.
 We used MNase-ChIP15,19 for the HA and T7 tags after recombination but 
before release into the cell cycle, and 3 and 6 generations after releasing yeast 
into the cell cycle13. This material was hybridized to tiling microarrays covering 
4% of the yeast genome20, and HA/T7 ratios of normalized HA and T7 signals 
were computed for the 3 and 6 generation data (Figure 1C, D). Since HA is 
eliminated via recombination leaving new H3-T7, high HA/T7 ratios indicate 
loci enriched for ancestral histone H3. Surprisingly, many of the highest HA/T7 
levels were associated with coding regions (discussed below).

Overall, HA/T7 patterns are consistent at 3 and 6 generations, but 
the dynamic range of HA/T7 enrichment diminished from 3 to 6 generations 
(Figure 1D, Figure S2). This is an expected consequence of the fact that ~1-
2% of cells do not recombine the HA tag away (Figure S1) – since the amount 
of ancestral H3 is decreasing by at least 2-fold in each generation, the relative 
contribution of the ~2% of cells still expressing H3-HA will increase over time, 
with this genomic background eventually competing with the real signal from 
increasingly rare ancestral H3 (<2% of total H3 after 6 doublings).
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Figure 1: 
Overview 
of system 
for tracking 
ancestral 
histone proteins
A) Recombination-
based swapping 
of epitope tags 
on histone H3. 
Histone H3 is 
tagged at its 
endogenous locus 
with a C-terminal 
HA epitope tag 
surrounded by 
LoxP sites. Upon 
induction of Cre 
recombinase with 
b-estradiol, the HA 
tag is recombined 
out and H3 is left 
with a C-terminal 
T7 tag.
B) Experimental overview. Yeast carrying HA-tagged H3 are arrested by nutrient 
depletion, and the HAàT7 swap is induced by overnight incubation with b-estradiol. After 
the tag swap, yeast are released from arrest and HA and T7 tags are mapped across the 
genome at varying times post-release. C) Chromosome III overview. HA/T7 ratios are 
shown as a heatmap across chromosome III at 3 generations after release. Notable in 
this view is a lack of accumulation of H3-HA at TEL3L or the silent mating loci. D) Close-
up views of two genomic loci. Data are shown as a heatmap for 3 and 6 generations after 
the tag swap.
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Ancestral histones are retained over long, poorly-transcribed genes
To extend our analyses to the entire genome, we carried out deep sequencing 
of HA and T7 libraries. HA- and T7-tagged H3 were immunoprecipitated after 
the tag swap but before release from arrest (0 generations), after release 
into a G2/M cell cycle block, and at 1, 3, and 6 generations after release. 
Sequencing reads were mapped to the yeast genome, normalized for read 
count, and HA/T7 ratios were computed genome-wide. These data correlated 
well with our microarray data, and we further validated these measurements 
by q-PCR at SPA2 and BUD3, two genes which both exhibit high and low HA/
T7 ratios at their 5’ and 3’ ends, respectively (Figure S3).

In previous work we and others13,15,16,17,21,22,23 showed that there 
is a partial correlation between transcription levels and replication-
independent histone dynamics. To understand how transcription might affect 
multigenerational histone retention in our system, we aligned all yeast genes 
by their transcription start site (TSS) and clustered genes (K-means, K = 5) 
based on the pattern of the 3-generation Log HA/T7 ratios along the gene 
body (Figures S4-5, Table S1). We observed a striking enrichment of H3-
HA just downstream of the 5’ ends of genes (typically peaking around the 
+3 nucleosome). One exception to the 5’ pattern described is found in one 
cluster of short genes with uniformly low H3-HA levels (Figure S4, Cluster 1), 
which is enriched for GO categories (such as protein translation) related to high 
gene expression levels. In contrast, long genes were generally associated with 
higher levels of ancestral H3 (see for example Cluster 5).

To better visualize these trends, we sorted genes by the extent of 
ancestral H3 retention after 3 generations (Figure 2A-B). Retention of 
ancestral histones correlates both with low expression levels and with longer 
genes (Figure 2C-D, Figure S6). While it is the case that longer genes tend 
to be expressed at lower levels than short genes (Figure 2E), these factors 
are partially independent here – even when we focus on genes of 1-2 kb length 
we still observe the correlations between ancestral histone retention and low 
expression (Figures 2E-F, and see below). Interestingly, in both microarray 
and sequencing datasets we found that epigenetically-repressed loci such as 
the silent mating loci and subtelomeres24,25 did not preferentially accumulate 
ancestral histone proteins (Figure 1C, Figure S7) – analysis of both unique 
and repetitive subtelomeric genes showed similar H3-HA retention patterns to 
euchromatic genes of similar length and expression. This was not a consequence 
of silencing defects in our strains, as they showed efficient mating (not shown).
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Figure 2: Ancestral H3 molecules accumulate at the 5’ ends of long, poorly-
transcribed genes A-B) Heatmap of sites of ancestral H3 accumulation. Genes are 
aligned by TSS (indicated), and HA/T7 ratios are indicated as a heatmap. Genes are 
ordered by the median HA/T7 ratio over the 5’-most 1 kb at 3 generations. Grey over 
coding regions indicates missing data, grey downstream of genes indicates sequence 
downstream of the 3’ end of the gene. C) A 80 gene sliding window of Pol2 ChIP levels70 f
genes ordered as in (A-B), showing that genes with low levels of ancestral H3 retention 
are highly-transcribed. D) 80 gene sliding window of gene lengths, showing that genes 
with high levels of ancestral H3 retention tend to be long. E) The median HA/T7 ratio 
over the 5’ end of genes (1 kb) was calculated for all genes, and median values of this 
retention metric are shown for groups of genes ordered by transcription rate (x axis) and 
gene length (y axis). While these are not independent – highly-expressed genes tend 
to be short – for a given gene length genes transcribed at higher levels exhibit low HA 
retention levels. This is true mostly of genes shorter than 3 kb, which encompasses the 
majority of yeast genes.F) Average HA/T7 ratios (Log2) for genes between 1 and 2 kb, 
broken into high (red), low (green), and intermediate (blue) transcription rates.
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What properties of short or highly-transcribed genes might lead to loss of 
ancestral histones? Replication-independent histone replacement occurs 
most rapidly over intergenic regions and over the coding regions of highly-
transcribed genes15,17,21,23, the converse of the pattern of ancestral H3 retention 
we observe. Indeed, ancestral histone retention is broadly correlated with 
“cold” regions of low H3/H4 turnover (Figure 3A). Importantly, however, for 
a given level of H3/H4 turnover, ancestral H3 retention varied significantly 
– retention at a given nucleosome was better-correlated with the average 
turnover rate of several surrounding nucleosomes than with the immediate 
turnover rate (see, for example, Figure 3B-C). This observation suggests that 
maternal histones preferentially re-associate with daughter genomes near the 
location from which they originated – if old histones scattered randomly at 
replication, ancestral H3 retention patterns should more precisely anticorrelate 
with replication-independent turnover patterns, as is discussed in more detail 
below.
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Figure 3: H3 
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with replication-
independent 
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manner A) Scatterplot 
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y axis) vs. replication-
independent turnover 
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axis). B) HA retention 
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Accumulation of ancestral histones at 5’ ends of genes
Why do old histone proteins accumulate near the 5’ ends of genes? We considered 
two alternative possibilities for classes of mechanisms causing this pattern.  In 
the first mechanism, we reason that if histone proteins tend to maintain their 
locations along the genome, the 5’ enrichment of old histones implies that old 
3’ histones are evicted and replaced by new histones during some phase of the 
cell cycle. However, previous measures of turnover in G1- or G2/M-arrested 
yeast15,26 cannot explain the 5’/3’ ratios we observe. Furthermore, we found 
that mutations in candidate 5’/3’-marking complexes such as cohesin27,28 or 
H3K4/K36 methylases29 did not affect 5’-biased retention of old histones at 
target loci (Figure S8A).  

A second possible explanation for widespread 5’ accumulation of 
ancestral histone proteins is that the histone proteins move from 3’ to 5’ over 
genes over time. This could result from RNA polymerase passage, because 
some RNA polymerases pass histone octamers in a retrograde direction during 
transcription30,31. Although it is debatable whether this is true of Pol2 in vitro32,33, 
in vivo we previously observed that inactivation of Pol2 leads to a modest shift 
of nucleosomes from 5’ to 3’34, consistent with the idea that Pol2 movement 
shifts nucleosomes in a 5’ direction. To test whether this movement was related 
to histone inheritance, we asked whether the 5’ peak of H3-HA accumulation 
shifted further 5’ with increasing transcription rate. We normalized all gene 
lengths to one, then plotted the HA/T7 ratio for all genes sorted by transcription 
rate (Figure S9). Consistent with the prediction of transcription-dependent 
retrograde movement, we did observe a subtle signal of H3-HA peaks shifting 
further 5’ at higher transcription rates. While this analysis could be confounded 
by the higher transcription rates seen over shorter genes, even when we focus 
on 1-2 kb genes, we observe that poorly-transcribed genes exhibit a much 
flatter profile than genes expressed at average levels (Figure 2F), as expected 
if Pol2 transit were required for H3/H4 “passback.” Finally, we show below that 
per-gene estimates of passback exhibit significant correlation with Pol2 levels. 
Together, these results are most consistent with a model in which histone 
proteins move from 3’ to 5’ over coding regions over time (further detailed in 
Discussion).

Quantitative estimation of nucleosome dynamics during replication
A key question we sought to address in this study is whether maternal histones 
reassociate near their original positions after passage of the replication fork. 
We reasoned that changes in HA/T7 patterns over the course of several 
generations might provide insight into the effects of replication on nucleosome 
dynamics. HA/T7 patterns change dramatically between arrest and 1 generation 
of release (with or without G2/M arrest) and then are very similar between 
1 and 3 generations, before the background of nonswitching cells starts to 
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dominate the profile at 6 generations (Figure 4). As expected, HA/T7 data 
at generation 0 exhibited widespread HA loss/T7 gain at promoters and +1 
nucleosomes, as expected of rapid replication-independent turnover at these 
loci13,15,17. Importantly, to rule out the possibility that 5’ accumulation of H3-
HA was an effect of our arrest-release protocol, we also measured HA/T7 
distributions 6 hours after inducing recombination in actively growing midlog 
cultures of yeast (Figures S3 and S10). Despite heterogeneity in switching 
times in this protocol (only 65% of yeast have switched from HA to T7 3 
hours after switch induction, 85% after 6 hours), we nonetheless observed 
that HA/T7 distributions were remarkably similar in midlog-switching cells 
to HA/T7 patterns observed in cells undergoing the arrest/release protocol, 
with preferential ancestral histone accumulation at the 5’ ends of long, poorly-
transcribed genes.Figure 4
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Figure 4: Kinetic analysis of ancestral H3 retention. HA/T7 ratios were measured 
genome-wide after recombination but before release (Gen 0), after release into 
nocodazole (G2/M), and after one, three, or six generations of growth post-release. Data 
for all genes were averaged and are plotted as indicated.

We asked whether these dynamic observations could be used to 
quantitatively rule out specific models concerning the mechanisms for 
segregation of maternal histones to daughter genomes. However, the resolution 
of this question is complicated by replication-independent processes we 
discuss above that can remove or shift ancestral histones, and that cannot be 
fully removed experimentally (for example, yeast will not proceed through the 
cell cycle in the absence of RNA polymerase). To understand the relationship 
between these issues, we designed an analytical model that accounts for three 
processes that affect H3 molecules in coding sequences (Figure 5A), and then 
examined the effect of removing any of the three. Briefly, our model includes 
a nucleosome-specific term for H3 turnover taken from prior experimental 
results15, with H3 turnover resulting in loss of HA. In addition, it includes a gene-
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specific parameter accounting for lateral movement of histones (“passback”). 
Further, the model also includes a global parameter that describes the extent 
of histone “spreading” via dissociation/reassociation during replication. Finally, 
the experimentally-measured background of 2% nonswitching cells (Figure 
S1) was included. The free parameters of the model (describing global histone 
spreading and gene-specific lateral movement) were estimated to maximize 
the likelihood of experimental observations (Supplemental Note 1).

To account for any first-pass effects of Pol2 behaviour during initial 
re-feeding of nutrient-depleted yeast (Figures S3 and S10), we examined 
this model with two starting conditions – the first started with a uniform 
genomic distribution of H3-HA, while the second started with the experimental 
distribution of HA/T7 observed after release into G2/M arrest (Figure 4). Both 
model variants predicted HA/T7 ratios with good correlations to the experimental 
data (Figure 5B shows data starting from a uniform distribution, Figure 5E 
and Figure S11 start from the G2/M distribution). Examination of estimated 
parameters revealed expected behaviours. For instance, the distribution of 
lateral histone movement estimates (Figure 5C) was strongly biased towards 
retrograde 3’ to 5’ movement of histones, consistent with the previously-
measured effects of rpb1-1 inactivation on nucleosome positioning34. Passback 
values were also significantly (p = 9.6439e-19) correlated with transcription 
rate (Figure S12).

Our model allows us to estimate the extent of histone movement during 
replication. Figure 5D shows the likelihood of the full model plotted for various 
values for replication-dependent histone spreading. The best fit model allowed 
histones to spread ~400 bp in either direction, or roughly two nucleosome 
widths, during replication (more precisely, in this model 2/3 of histones stay 
within 400 bp of their original locations, as this value is the standard deviation 
of a Gaussian function describing spreading – see Supplemental Note 1). 
Results from models with 800 and 1600 bp spreading parameters are shown in 
Figure 6 for comparison. Our estimate of +/-400 bp spreading is particularly 
interesting given electron microscopy results demonstrating that nucleosomes 
are destabilized over 650-1100 bp around the replication fork on replicating 
SV40 minichromosomes35,36.

Elimination of any one or two of the three components of the model – 
spreading, turnover, or passback – resulted in significantly worse fits between 
model predictions and experimental data (Figure 5E). This can be intuited 
as follows. First, in the absence of histone spreading, unmitigated histone 
movement from 3’ to 5’ results in a much tighter 5’ ancestral histone peak, and  
results in much more extensive change from one generation to the next than 
we observe. Second, eliminating histone turnover shifts the 5’ ancestral peak 
closer to the +1/+2 nucleosome. Third, preventing lateral histone movement 
results in a 3’-shifted, flatter ancestral histone profile.
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Figure 6
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While our model provided good quantitative fits of ancestral H3 
patterns for many genes, we nonetheless note that many genes were not 
perfectly fit by this model. Generally, we found that the model poorly fit short 
genes, and overall the model almost universally predicted lower HA/T7 at the 
+N nucleosome (the last nucleosome in a gene) than was observed (Figures 
S11, S13). We ascribe these failures to the fact that we considered each 
gene in isolation and therefore did not model shifts of old nucleosomes from 
adjacent genes, which would result in poor fits over short genes in particular. 
Interestingly, the better fit at the +1 nucleosome than at the +N nucleosome is 
consistent with rapid promoter turnover more effectively isolating genes from 
one another at their 5’ ends in vivo.

Overall, the strong correlation between our model and the experimental 
data supports the hypothesis that at least three dynamic processes affect 
nucleosomes and shape the landscape of ancestral histone retention, and 
provide the first quantitative estimate of maternal histone dynamics during 
replication.

Topoisomerase I and the H4 N-terminal tail play roles in establishing 
the 5’/3’ gradient of ancestral H3 molecules
To further investigate the mechanism of 5’ accumulation, we asked whether 
gene-specific passback parameters were correlated with specific gene 
annotations34,37 (Table S2). Interestingly, we find that the estimated passback 
distance was much greater at TFIID-dominated (“growth”) genes than at SAGA-
dominated (“stress”) genes38 (Figure 7A). As a result, 5’ accumulation was 
much more pronounced at TFIID-dominated than at SAGA-dominated genes 
(Figure 7B). Almost every described aspect of chromatin structure and gene 
expression, from nucleosome positioning to evolutionary lability (reviewed 
in39,40), differs between these two broad types of genes. Mechanistically, 
one interesting correlate is that TFIID recruitment has been proposed to be 
mediated in part by acetylation of the N-terminal tail of histone H438,41.

To investigate this link experimentally, we examined whether mutations 
of the H4 tail influenced ancestral histone H3 retention. In an H4K5,12R mutant 
that cannot be acetylated on these two tail residues, the 5’-biased HA/T7 was 
partially lost (Figure S8B), consistent with the possibility that acetylation of 
H4 tail lysines may contribute to H3/H4 passback. We also deleted the H4 
tail, although in this strain background this mutation proved lethal and so all 
recovered strains retained a wild-type copy of the H4-H3 locus (HHF2-HHT2). 
Thus, results with this strain must be interpreted with extreme caution, as we  
do not know the effect of wild-type, untagged nucleosomes on the behaviour 
of the epitope-tagged histones.
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Figure 7: Mutants affecting ancestral histone retention A) Distribution of lateral 
nucleosome distances from model (Figure 5). Shown are the passback parameters for 
SAGA-dominated and TFIID-dominated as defined in Huisinga et al.38 B) TFIID-dominated 
genes preferentially accumulate 5’ H3-HA. Averages of 3 generation experimental data 
are shown for the indicated gene classes. C) H4 tail deletion dramatically reshapes the 
landscape of ancestral histone retention. Yeast carrying an N-terminal H4 tail deletion 
were processed as in Figure 1A-B, and averages for all genes are plotted as indicated. 
We note that this strain has retained a wild-type HHT2-HHF2 locus for viability, so results 
must be interpreted with caution. However, we find similar, but less dramatic effects 
in an H4K5,12R mutant (Figure S8B), supporting the observation here that passback 
is affected by the H4 N-terminal tail. D) H4 tail deletion preferentially affects TFIID-
dominated genes. Data for wild-type and H4tailD yeast are plotted for the indicated 
gene classes. E) Topoisomerase I plays a role in 5’ accumulation of ancestral histones. 
top1D yeast were processed as in Figure 1A-B, and averages for all genes are plotted 
as indicated. F) TOP1 deletion affects 5’ passback preferentially at long genes. Data for 
wild-type and top1Dyeast are plotted for the indicated gene classes.
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Nonetheless we present here results of mapping of HA and T7 3 
generations after release from the HA/T7 tag swap, since the H4 tail deletion 
has dramatic effects on global nucleosome dynamics (Figure 7C), with low 
HA/T7 at 5’ ends followed by a nearly flat profile over the remainder of coding 
regions. This profile suggests a requirement for the H4 tail in H3/H4 passback, 
and possibly on replication-mediated spreading (see Figure 5E). Interestingly, 
the effect of H4 tail deletion was much more pronounced at TFIID-dominated 
genes (Figure 7D), suggesting that the exaggerated H3/H4 passback 
inferred at these genes involves the H4 tail. The effects of the H4 tail deletion 
were not simply due to the extensive changes in the transcriptome42, as we 
measured changes in genome-wide RNA Pol2 localization in our H4 mutant 
strains, finding that the relationship between Pol2 levels and HA/T7 behavior 
qualitatively changed in this mutant (Figure S14). While we must be cautious 
interpreting results obtained with the H4 tail deletion, the fact that H4K5,12R 
mutants (which were viable and did not retain any wild-type H3/H4)  also 
exhibit diminished 5’ bias in ancestral H3 retention indicates a key role for the 
H4 tail in H3/H4 passback.

We also explored the role of supercoiling in the 5’-biased retention of old 
histones. Topoisomerases relax DNA supercoiling and thereby help to maintain 
chromatin architecture. Transcription of DNA templates by Pol2 differentially 
affects supercoiling in front of and behind the passing polymerase, thereby 
differentially affecting 5’ and 3’ nucleosomes43,44). To assess the role of this 
activity in 5’ accumulation of old histones, we examined the consequences 
of inactivation of the major topoisomerase Top1, which in vitro can resolve 
both negative and positive supercoils45,46. Cells lacking Top1 showed reduced 
5’ bias in ancestral nucleosome accumulation (Figure 7E), indicating that 
resolving DNA topology problems before or after passage of the transcription or 
replication machinery influences the mobility and/or stability of nucleosomes. 
Consistent with expectations of a greater buildup of supercoils over longer 
transcription units, we confirmed a stronger effect of TOP1 deletion at longer 
genes (Figure 7F). 

Replication timing, chaperones, and ancestral histone retention
We finally turn to the role of replication factors in ancestral histone retention. We 
first asked whether replication timing affected H3-HA retention. Nucleosomes 
surrounding early-firing origins tended to lose H3-HA more rapidly than late-
firing origins (not shown), but this likely stems from the fact that replication 
timing correlates with replication-independent turnover23,26. Focusing only on 
nearby coding regions (Figure S15), we found that late-replicating genes 
were associated with slightly 5’shifted ancestral H3 peaks (consistent with 
decreased spreading or turnover), suggesting that different replication forks 
might affect chromatin in different ways, although the modest effect precludes 
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a stronger interpretation.
To directly address the role of fork-associated chromatin proteins in 

histone spreading at replication, we examined mutations of PCNA and Chromatin 
Assembly Factor (CAF-1), which plays a key role in replication-coupled histone 
deposition47,48. Three different mutants of PCNA that disrupt interactions with 
replication proteins or with replication-coupled chromatin-assembly factors 
showed only minor effects on 5’ retention of ancestral H3 at target genes 
SPA2 and BUD3 (Figure S8C). In contrast, ancestral H3 retention over these 
target genes was slightly increased upon deletion of the CAF-1 subunit CAC1 
(not shown). To further explore the role of CAF-1 in histone retention patterns, 
we deep sequenced HA and T7 tags from cac1D yeast 3 generations after 
release (Figure 8). These data show a dramatic 5’ shift in the peak of ancestral 
H3 retention in these mutants. This shift is most consistent with a decrease 
in histone turnover at the 5’ ends of genes in this mutant, which we have 
independently confirmed using G1-arrested yeast expressing pGAL-driven 
Flag-H349. However, we cannot rule out the possibility that the role of CAF-1 
in retention of old histones in 5’ and promoter regions involves interactions 
with PCNA during DNA replication. Interestingly, the 5’ accumulation observed 
in wild-type yeast is otherwise little-changed in the CAF-1 mutant over long 
genes (Figure S16), suggesting that 3’ to 5’ movement of histones is normal, 
and that preferential retention of old histones at their maternal locations may 
be carried out by alternative histone chaperones such as the Hir complex or 
Asf1 in this mutant. Unfortunately, both hir and asf1 mutants are lethal in our 
strain background (likely because our strain carries only one copy of the H3/
H4 gene pair50), preventing us from testing this hypothesis.

Figure 8

WT
cac1∆

-0.2

0

0.2

-5
00 0 50

0

10
00

15
00

20
00

25
00

30
00

-5
00

TS
S

10
00

20
00

30
00

Consequences for histone modification patterns
Our results are most consistent with histone retrogression from 3’ to 5’ over 
genes, which raises the question whether old histones carry modifications 

Figure 8: Chromatin 
Assembly Factor-1 
complex has subtle 
effects on ancestral 
H3 patterns Yeast 
lacking CAF-1 subunit 
Cac1 were processed as 
in Figure 1A, and HA/
T7 ratio averages are 
shown for all genes in 
wild-type and cac1D 
mutants 3 generations 
after release.



C
h

ap
te

r 
5

Patterns and mechanisms of ancestral histone inheritance 

131

associated with mid- and 3’ coding regions (e.g., H3K36 and H3K79 methylation) 
towards the 5’ end of genes. Alternatively, there could be active erasure of these 
modifications. We therefore compared genes exhibiting high levels of ancestral 
H3 retention with prior genome-wide analyses of histone modifications51,52. 
Histone modification patterns generally conformed to the patterns expected 
based on transcriptional behaviour – genes that retain high levels of ancestral 
histones are poorly-transcribed (Figure 2D), and correspondingly exhibit 
low levels of transcription-related marks H3K9ac, H3K14ac, H4ac, and H3K4 
methylation (Figure S17 and not shown). However, these are all 5’-biased 
marks19,29,51,53, and based on retrograde movement of old histones are therefore 
not expected to accumulate with age.

More interestingly, we found that genes with high levels of old 
nucleosomes were enriched for H3K79me3 throughout their coding regions, 
particularly at the 5’ end (Figure 9, Figure S17). The H3K79 methylase is 
nonprocessive, indicating that K79 methylation status should essentially act 
as a timer54. Further, analyses of genome-wide H3K79me3 patterns show 
anticorrelation between this modification and locations of high nucleosome 
turnover15,55, supporting the idea that K79me3 identifies old H3 protein. We 
recently confirmed that old H3 protein is enriched for H3K79me3 by mass spec 
analysis of old nucleosomes (D. DeVos, FvL et al, submitted).

Finally, we also observed higher levels of H3K36me3 at 5’ and mid-CDS 
of genes exhibiting elevated ancestral histone retention relative to genes with 
intermediate H3-HA retention (Figure S17). This observation is consistent 
with the above hypotheses that old histones move from 3’ to 5’ and thus 
might carry typical mid-CDS and 3’-end histone modifications to the 5’ ends of 
genes (Figure S18). Together, these results provide further evidence that our 
system accurately captures the behaviour of old histones.
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Figure 9: Ancestral H3 retention and histone modification patterns. A) Scatterplot 
of previously-measured H3K79me351 levels averaged over the 5’ CDS of genes vs. the 
median HA/T7 for the 5’ 1 kb of each gene. B) As in (A), for K79me3 averaged over 
mid-CDS of each gene.
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Discussion
The fate of stable proteins in rapidly-dividing cells is of great interest for fields 
from protein damage to aging to epigenetic inheritance. In particular, models for 
the inheritance of chromatin-based information5,6,7,12,56,57 require a quantitative 
understanding of the fate of specific maternal histone proteins during the 
disruptive replication process. Some models for epigenetic inheritance of 
chromatin states require that old nucleosomes are retained near their original 
positions, whereas other models (such as those based on replication timing58) 
are less sensitive to the fates of old histones. However, due to the lack of 
methods to directly track histone dispersal during replication, these models 
have not been experimentally tested in vivo. Here, by using a novel genetic 
pulse-chase assay, we characterize ancestral histone retention patterns 
across the yeast genome. By accounting for known replication-independent 
processes, we used these data to estimate the effects of replication on histone 
movement, finding that H3/H4 are retained close to their original locations 
during replication. We also identified a number of mutants that affect various 
aspects of ancestral H3/H4 movement and retention.

Ancestral histones accumulate at the 5’ ends of genes
Most surprising to us was the observation that ancestral H3 molecules 
accumulate near the 5’ ends of coding regions, peaking around the +3 
nucleosome. The high HA/T7 ratio observed at the 5’ ends of genes is not an 
artifact of the epitope tags used, as we have observed the converse behaviour 
(high T7/HA) when we switch the epitope tags used (not shown). Furthermore, 
this unusual behaviour is not an artifact of the conditions used for growth 
arrest and release, as we observe a similar 5’/3’ gradient of H3-HA when yeast 
are subjected to the epitope switch during active midlog growth (Figure S10).

What is the mechanistic basis for the 5’/3’ gradient of HA/T7 we 
observe? We consider two classes of mechanisms – in one, histone proteins 
do not move laterally and the 5’/3’ gradient results from preferential loss of 3’ 
H3/H4, while in the other the gradient results from lateral histone movement 
combined with loss at the 5’ end. While we cannot definitively answer which 
mechanism explains our results, we strongly disfavor a model with preferential 
3’ nucleosome eviction and no lateral movement based on the following 
observations. First, we tested a number of relevant mutants for changes in the 
5’/3’ HA/T7 bias (Figure S8). 
 Loss of H3K4 methylation (a 5’-biased histone mark) or H3K36 
methylation (a mid and 3’-biased histone mark) did not affect HA/T7 patterns 
at selected target genes. Similarly, 5’ retention of ancestral H3 was unaffected 
by mutants of cohesin, whose loading is associated with regions of high H3/
H4 turnover and which accumulates at the 3’ ends of genes27,28. Second, direct 
measurements of H3/H4 turnover using a pGAL-driven epitope tagged H3 do 
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not provide evidence for ubiquitous 3’ histone replacement during G1 arrest15, 
during G2/M arrest26, or in unsynchronized yeast15. Thus, while we cannot 
definitively rule out some cryptic 3’ replacement event in this system, all direct 
tests have failed to support this hypothesis.

Conversely, multiple observations support the hypothesis that H3/H4 
proteins move from 3’ to 5’ over protein-coding regions over time. First, seminal 
in vitro studies on transcription of nucleosomal templates showed that several 
RNA polymerases can transcribe through a nucleosome without displacing the 
H3/H4 tetramer. The proposed mechanism by which histones remain associated 
with the DNA is a “bubble propagation” mechanism – DNA partially unwraps 
from the histones, RNA polymerase enters, and DNA behind the polymerase 
re-associates with the histone octamer, resulting in a net retrograde movement 
of histones after the polymerase has passed. This mechanism is relatively well-
established for SP6 polymerase and RNA Polymerase III30,31, whereas there is 
some controversy regarding the effect of RNA Polymerase II on nucleosome 
positioning32,33. Of course, it is not unreasonable to expect that nucleosome 
movement during transcription in vivo will also be affected by polymerase-
associated factors such as histone chaperones and ATP-dependent remodelers 
that are not present in the in vitro systems. In any case, these studies provide 
a plausible mechanism by which RNA polymerase transit results in retrograde 
nucleosome movement.

Second, we have previously found that inactivation of Pol2 using 
the temperature-sensitive rpb1-1 allele results in a net 5’ to 3’ shift in the 
majority of coding region nucleosomes34, consistent with the hypothesis 
that polymerase transit normally shuttles nucleosomes from 3’ to 5’. Third, 
highly-transcribed genes (such as those encoding ribosomal proteins) in yeast 
paradoxically exhibit very tightly-spaced coding region nucleosomes (eg 155-
160 bp between adjacent nucleosomes rather than ~165 bp), again consistent 
with nucleosomes being passed upstream during transcription34. Taken together 
with the absence of any evidence for 3’ H3/H4 eviction, we therefore argue 
that the most parsimonious explanation of the surprising 5’ accumulation of 
ancestral histones is retrograde movement of histones over genes against the 
direction of transcription. Note that while we favor the hypothesis that the act 
of RNA polymerase transit itself is the mechanism linking transcription to H3/
H4 passback, polymerase is not the only candidate factor leading to retrograde 
histone movement. Notably, we found that top1D mutants exhibit diminished 
signatures of H3/H4 passback (Figure 7), and this decrease was stronger 
at longer genes, suggesting the possibility that some aspect of cleavage 
and rotation of twisted DNA by Top1 contributes to the passback observed. 
However, it is also possible that Top1 differentially affects histone turnover in 
5’ and 3’ regions, or affects passback by affecting Pol2 passage59.

We analytically assess several predictions of the “passback” model. 
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First of all, if RNA polymerase transit were the driver of retrograde histone 
movement, then one might predict that passback should correlate with 
transcription rate. We find the expected correlation to be statistically 
significant (p = 9.6439e-19, Figure S12), but weak nonetheless (R = 0.12). 
Importantly, we previously observed that 5’ to 3’ nucleosome movement in 
rpb1-1 mutants was also significantly but poorly correlated with transcription 
rate34. The reason for the mediocre correlation between polymerase abundance 
and passback is hinted at by the fact that TFIID-dominated genes exhibit much 
greater passback values than do SAGA-dominated genes (Figure 7A). We 
have previously noted that SAGA-dominated (“stress”) genes exhibit higher 
levels of H3 turnover, per polymerase, than do TFIID-dominated genes15. 
In vitro, a single polymerase’s transit displaces an H2A/H2B dimer from the 
histone octamer, but a second polymerase encountering a histone hexamer 
will displace the remaining histones60,61. Coupled with the observation that 
SAGA-dominated genes exhibit larger “bursts” of polymerase, this suggests 
that closely-spaced polymerases are required for H3/H4 eviction over coding 
regions, but evenly-spaced polymerases leave time for dimer replacement on 
damaged nucleosomes53,61. We believe this model also explains some of the 
behaviour of ancestral histones in this study – SAGA-dominated genes display 
little passback and overall diminished levels of ancestral H3 (Figures 7A-B), 
an expected consequence of the loss of old histones via turnover. Correlations 
between polymerase and passback are therefore expected to be subtle – at 
increasing transcription rates, we expect an increased likelihood of a closely-
spaced pair of polymerases, and the resulting H3/H4 eviction would eliminate 
any trace of the passback that had occurred to that point.

It is important to note that the transcription-dependent passback 
postulated here cannot simply be interpreted as a model in which every round 
of polymerase passage shifts the histone octamer upstream by one position 
(~165 bp). In Figure 7A, our estimates of passback per cell cycle have a mean 
of ~90 bp at TFIID-dominated genes, less than the spacing between adjacent 
nucleosomes. If taken literally, these values would be difficult to reconcile with 
the observation that the majority of yeast nucleosomes are well-positioned20. 
Instead, we interpret the passback values in terms of probability that an 
octamer will be passed back in a given cell cycle in each cell – a passback 
value of ~80 bp suggests that there is a 50% chance that histones on a given 
gene will be shifted back one position towards the 5’ end in a single cell cycle. 
Physically, we imagine that polymerase passage results in a variable length 
retrograde movement of H3/H4, which then have some probability of returning 
to their original position, and some probability of shifting to a new upstream 
location.

Our results show a surprising pattern of ancestral histone retention 
in yeast, with old histone proteins accumulating near the 5’ ends of genes 



C
h

ap
te

r 
5

Patterns and mechanisms of ancestral histone inheritance 

135

– the histone proteins located at the +3 nucleosome are the oldest histone 
proteins over a typical yeast gene. These data are best explained by a model in 
which H3/H4 proteins shuttle from 3’ to 5’ over coding regions over time, with 
eventual loss of old histone proteins when they are eventually moved into the 
+1 and +2 nucleosome positions.

Maternal histone spreading during replication
The process of genomic replication is enormously disruptive to chromatin 
structure, as the melting of the DNA double helix is accompanied by histone 
dissociation from the genome4,5,6,7. Thus, understanding where maternal 
histones re-associate relative to the locus from which they were evicted is a 
key constraint for understanding the potential of chromatin as an epigenetic 
information carrier. The ideal experiment for measuring this would be to epitope 
tag the histones at one specific locus (e.g. the +5 nucleosome over BUD3) in 
a large population of yeast, allow replication to proceed, and measure the 
new locations of the tagged histones. Despite numerous attempts, this type of 
tagging has proven technically intractable to date. Here we measure instead 
the bulk distribution of ancestral histones. Importantly, this still provides 
information on locus-specific histone behaviour – as turnover rates are not 
homogeneous across the genome, even before we release yeast into the cell 
cycle the landscape of H3-HA exhibits variability (Figure 4, see generation 0), 
and so in effect only a subset of ancestral locations are epitope-tagged before 
release. This enables us to infer the dynamic behaviour of histone proteins 
during replication via analysis of the evolution of the H3-HA distributions over 
time.

Two observations provide an intuition regarding the effects of 
replication on histone locations. First, ancestral histone retention exhibits the 
expected anticorrelation with replication-independent turnover (Figure 3A). 
However, old histones are more efficiently retained at cold (low turnover) loci 
that occur in long cold domains, whereas short domains of cold nucleosomes 
lose ancestral histones over time. This observation is inconsistent with two 
extreme models for histone behaviour during replication – if old histones were 
to completely dissociate from the genome during replication and randomly 
reassociate with the genome, then ancestral histone retention should precisely 
recapitulate turnover measurements. Conversely, if old histones were to 
reassociate precisely with their original locations, then ancestral retention 
should essentially integrate turnover for multiple generations. Thus, some 
process that shuffles histone proteins locally must be invoked along with 
turnover to shape the ancestral retention landscape.

In principle, the preferential retention of old histones on longer genes 
could simply result from passback – shorter genes will more quickly have all 
of their histones passed “over a cliff” at the 5’ end. However, we find relatively 
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static 5’/3’ gradients of old histone retention over time (Figure 4). While it is 
the case that H3-HA domains gradually shorten over time as predicted by the 
model that passback results in old histones being moved to promoters where 
they are replaced (not shown), this effect is subtle and is quantitatively much 
less dramatic than predicted from passback alone. This leads to the second 
intuition regarding histone spreading during replication. Many examples exist 
for relatively static gradients in biological systems being established via a 
combination of active transport coupled with passive diffusion. Most relevant 
in our opinion is the “pump leak” model62 for membrane ion gradients – active 
transport of ions across membranes, coupled with a passive leak of ions back 
into the cell, results in a static gradient. Here, we envision transcription-related 
passback as the active transport mechanism, with spreading during replication 
being somewhat analogous to the leak that results in a steady gradient rather 
than a continuous 3’ to 5’ march of histone proteins.

We present a quantitative model that recapitulates our experimental 
data with only three dynamic processes – turnover, passback, and spreading. 
Locus-specific turnover rates were previously measured15, and are not fit by 
the model. Passback is estimated for each gene separately, while spreading 
is a single global parameter affecting all histones. Thus, our model has 4811 
free parameters, which are used to fit over 100,000 HA/T7 ratios. This model 
does not overfit the data, and this can best be appreciated by the fact that 
eliminating a single parameter (spreading) greatly diminishes the agreement 
between model and data.

Using this model, we estimate that maternal histones spread little 
(~1-2 nucleosomes) during replication. This value has not been measured 
before, but is consistent with several related observations. First, electron 
microscopy studies on replicating chromatin show a stretch of ~650-1100 
bp of nucleosome-free DNA surrounding replication forks35,36, consistent with 
histone movement of +/- 400 bp we estimate here. Second, histone proteins 
are retained in cis during in vitro replication even in the presence of competitor 
DNA63,64,65,66, indicating that histones do not freely diffuse away from replication 
forks but likely are retained locally. Finally, we previously observed that upon 
gene repression, loss of the active chromatin mark H3K4me3 occurs during S 
phase, but at very highly methylated nucleosomes H3K4me3 does not return 
to baseline levels immediately, with methylation levels falling little more than 
the 2-fold predicted by a dilution-based mechanism (see Figure S5 in67). This 
final result indicates that “overmethylated” old histone proteins are retained 
near their original location, since widespread spreading of old histone proteins 
would enable a greater than 2-fold drop in methylation levels during S phase.

Together, these results support the prospect of chromatin as a “sloppy” 
epigenetic information carrier (“sloppy” in the sense that some spreading of 
histones will preclude mononucleosome-resolution information passage)68, 
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even if chromatin-based inheritance occurs infrequently1. Thus, chromatin 
states are unlikely to be inherited with mononucleosome precision, a view 
consistent with the fact that all proposed epigenetic chromatin domains are 
associated with long (> 1 kb) blocks of histone modifications such as H3K9me3 
or deacetylated H4K16 (reviewed in53).

Mutant studies
To further investigate the mechanisms underlying the patterns of ancestral 
H3 retention, we assessed HA/T7 ratios at target genes in twelve mutants, 
and further characterized HA/T7 genome wide for three of these mutants. 
Interestingly, a number of histone modifying factors, including Swd1, Swd3, 
Rtt109, Nhp6, and Set2, had either no effect or subtle effects (eg Rtt109) on 
the 5’ accumulation of old histones at our target genes (Figure S8). These 
results suggest either that these mutants will have subtle global effects on 
ancestral H3 retention, or that they have more localized roles that do not 
extend to the two target genes we focused on.

The three mutants we characterized at full genome coverage each had 
a distinct effect on ancestral H3 retention. Most dramatically, loss of the H4 
N-terminal tail abolished the 5’ accumulation of ancestral histones – while the 
H4 tail deletion results are complicated by the retention of wild-type H3/H4 
in this strain, the fact that similar results were obtained with clean H4K5,12R 
mutants (Figure S8B) provides independent support for observations obtained 
with the H4 tail deletion. The mechanistic basis for the loss of 5’ H3-HA retention 
is unknown to us – a flat HA/T7 profile is of course consistent with complete 
loss of passback. Alternatively, the observed profile in this mutant could be 
consistent with complete shuffling of maternal histones every generation, 
which as described above would be expected to more recapitulate a turnover-
dominated profile. Importantly, loss of the H4 tail also affects H3/H4 turnover 
– in Figure 7D, the increased HA/T7 ratio at the 5’ ends of SAGA-dominated 
genes suggests a decrease in histone turnover in this mutant, and we have 
independently confirmed a decrease in replication-independent turnover in this 
mutant (F.v.L., manuscript in preparation). Analysis of Pol2 ChIP in H4 tail 
deletions shows that the effects of the H4 tail do not simply reflect altered 
transcription, but instead reflect a change in the relationship between RNA 
Polymerase and histone dynamics over genes in this mutant (Figure S14).

We also observe a similar, albeit muted, effect of Topoisomerase I on the 
5’ accumulation of ancestral histones. Interestingly, loss of both topoisomerase 
I and II affects nucleosome occupancy and dynamics in S. pombe, indicating 
that topoisomerases play key roles in histone dynamics59. Here, we find that 
top1D mutants exhibit diminished 5’ accumulation of ancestral H3, and that this 
effect is stronger at longer genes than at shorter genes. As RNA polymerase 
passage will cause greater changes in supercoiling over longer genes, the 
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preferential effects of Top1 on longer genes is consistent with the observation 
in S. pombe that topoisomerase mutants show evidence of stalled or slowed 
RNA polymerase over longer genes59. In addition to its role in transcription, 
topoisomerase I plays a key role in replication44. We note that the profile of 
top1D mutants here most closely mimics the predictions of our analytical model 
with both passback and spreading being compromised, but since neither of 
these is likely to be completely eliminated in top1D mutants more detailed 
kinetic analyses will be required to make a strong statement about the role of 
Top1 in replication-related movement of histones.

Finally, we assessed the role of the histone chaperone CAF-1 in 
ancestral H3 retention. To our surprise, we found that H3-HA exhibited even 
stronger 5’ accumulation in this mutant, with the 5’ peak of HA/T7 occurring 
closer to the +1 or +2 nucleosome (compared to the +3 peak location for wild-
type strains). This result most closely matches the predictions of a model in 
which H3/H4 turnover has been slowed without loss of passback or spreading 
(Figure 5E). We recently tested this prediction using alternative system 
for measuring replication-independent turnover (pGAL-driven Flag-H3) and 
confirmed the prediction that caf mutants affect replication-independent histone 
replacement49. As CAF-1 and the Hir complex are known to complement one 
another in yeast, we predict that a caf hir double mutant would be necessary 
to uncover effects of replication-coupled spreading. Unfortunately, since both 
hir and asf mutants are lethal in our strain background, this prediction cannot 
be tested at present.

Perspective
Taken together, our results provide a surprising view of histone dynamics 
over multiple generations, with 5’ accumulation of ancestral histone proteins 
over coding regions, and little evidence for preferential histone retention at 
epigenetically-regulated loci such as subtelomeric genes. One unanticipated 
implication of this observation is that 3’ histone marks are expected to move 
towards the 5’ ends of genes over time, thereby shaping histone modification 
profiles (as we document in Figure 9 and Figure S17). This potentially 
necessitates mechanisms for erasure of these inappropriate marks in order 
to maintain accurate encoding of gene polarity. However, we note that active 
erasure of H3K4me3 after gene repression occurs most efficiently at 5’ ends 
of genes, whereas nucleosomes over coding regions mostly lose H3K4me3 by 
passive dilution (67, see Figure S9). If other old histone marks are not erased 
over coding regions, then we speculate that the accumulation of old histone 
proteins at the +3 nucleosome could potentially provide a mechanism by which 
a gene’s transcriptional history could be integrated to play a role in regulation 
of the transition from transcriptional initiation to elongation. 

Most importantly, we find that old histones do not re-associate 
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with daughter genomes at precisely the locus from which they dissociated. 
Thus, any inheritance of chromatin states must occur at the scale of ~5-10 
nucleosome domains rather than at single nucleosome resolution. These results 
therefore constrain the maximum amount of information theoretically carried 
by chromatin between generations. It will be of great interest in future studies 
to identify mutants that affect histone movement during replication and to 
measure their effects on the stability of epigenetic inheritance, and to measure 
how maternal histone incorporation differs between leading and lagging strand 
daughter genomes.

Materials and Methods
Yeast strains and growth conditions. For tag switch experiments, yeast 
cells were grown overnight in YPD in the presence of Hygromycin B (200 μg/
mL, Invitrogen). The cells were then diluted 1:10 into fresh YPD and incubated 
for 30–36 h. Recombination was induced by the addition of 1 μM β-estradiol 
(E-8875, Sigma-Aldrich). Subsequently, cells were diluted 1:25 in fresh YPD 
media to release the cells back into the cell cycle and kept in log phase by 1:2 
dilutions into fresh media after each population doubling. Samples were taken 
after 1, 2, 3 and 6 cell divisions or after 5 hours of G2/M arrest. The number of 
population doublings was determined by microscopy and OD. G2/M arrest was 
induced by addition of 15 μg/ml Nocodazole (Sigma-Aldrich) and confirmed by 
FACS analysis. Strains are listed in Table S3. Gene deletion mutants isogenic 
to strains NKI2048, NKI2148, and NKI2048 were made by homologous 
recombination using KanMX and/or NatMX selection markers. Gene deletion 
mutants isogenic to NKI4128 were made by crossing NKI4114 with gene 
deletion mutants from the MATa yeast knock-out collection using Synthetic 
Genetic Array methods. Histone mutants were made by transformation of 
strain NKI2148 with a HHF2-HHT2 CEN plasmid (pMP9), subsequent deletion 
the tagged HHF2-HHT2 locus, followed by transformation with a PCR fragment 
encoding wild-type or mutated HHF2 in combination with tagged HHT2. H4 tail 
deletion mutants retained the wild-type HHT2-HHF2 locus, whereas H4K5,12R 
mutants lost the wild-type locus.
Chromatin immunoprecipitation (ChIP). ChIP was performed as described 
previously13,69 with the following modifications. All steps were done at 4°C 
unless otherwise indicated. Following cell lysis by bead beating the insoluble 
chromatin of 1x109 cells was washed, resuspended in 400 μl FA lysis buffer 
(50 mM HEPES-KOH [pH 7.6], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 
0.1% sodium deoxycholate), and sheared using a Bioruptor (Diagenode) for 
6 minutes with 30 seconds intervals at high. The soluble fraction was diluted 
three fold in buffer 15mM Tris-HCl pH 7.4, 50mM NaCl, 1.5mM CaCl2, 5mM 
β-meracptoethanol, 5mM MgCl2 after which 25 units of micrococcal nuclease 
(Worthington) were added. The digestion reaction was incubated 20 minutes 
at 37°C and stopped by the addition of 10mM EDTA and 10mM EGTA, tubes 
were placed on ice. The majority of obtained fragments was around 150bp, 
as determined on a 2% TAE agarose gel stained with ethidium bromide. The 
isolated chromatin of the equivalent of 3x108 cells was immunoprecipitated 
overnight at 4°C using magnetic Dynabeads (Invitrogen) which were previously 
incubated with antibody O/N at 4°C. 
Real-time PCR. ChIP DNA was quantified by real-time quantitative PCR 
using the SYBR® Green PCR Master Mix (Applied Biosystems) and the ABI 



140

PRISM 7500. An input sample was used to make a standard curve, which was 
then used to calculate the IP samples, all performed in the 7500 fast system 
software.  Primers used for qPCR are listed in Table S4.
Linear amplification of DNA. The samples were amplified, with a starting 
amount of up to 75 ng for ChIP samples, using the DNA linear amplification 
method described previously19.
Microarray hybridization. 3 mg of aRNA produced from the linear 
amplification were used to label probe via the amino-allyl method as described 
on www.microarrays.org.  Labeled probes were hybridized onto a yeast tiled 
oligonucleotide microarray20 at 65°C for 16 hours and washed as described on 
www.microarrays.org.  The arrays were scanned at 5 micron resolution with 
an Axon Laboratories GenePix 4000B scanner running GenePix 5.1. Image 
analysis and data normalization were performed as previously described19.
Deep Sequencing library construction. ChIP DNA was treated with CIP 
(calf alkaline phosphatase NEB; in 1x NEB buffer3 , 0.25U/µl CIP; 45 min 
at 37C, reaction clean up with Qiagen MinElute spin columns). 20-150ng of 
CIP treated ChIP DNA fragments were blunt ended and phosphorylated with 
the EPICENTRE End-it-Repair kit (1X buffer, 0.25mM dNTPs,1mM ATP, 1ul/50ul 
reaction of Enzyme mix) for 1hr at RT and cleaned up with Qiagen MinElute 
spin columns. Adenosine nucleotide overhangs were added using EPICENTRE 
exo- Klenow for 45min at RT (with 0.2mM dATP). Illumina genome sequencing 
adaptors were then ligated using the EPICENTRE Fast-Link ligation kit: 11.5µl 
A tailed DNA eluted from a MinElute column was mixed with 1.5µl 10X ligation 
buffer, 0.75µl 10mMATP, 0.5µl Illumina DNA adaptors and 1µl Ligase. The 
reaction was incubated for 1hr at RT and subsequently supplemented with 
7.5 µl water, 1µl 10X buffer, 0.5µl 10mM ATP and 1µl ligase, and incubated 
overnight at 16C. The ligation reaction was cleaned up with MinElute columns 
(with an additional wash step to eliminate all the excess adaptors) and the 
adaptor ligated fragments were amplified by PCR as follows: 0.5 µl of each 
Illumina genomic DNA sequencing primers, 10µl 10xPfx buffer 3µl 10mM 
dNTPs, 2µl 50mM MgSO4 and 1µl Pfx DNA polymerase (Invitrogen) were added 
to 30µl DNA template in a 100ul reaction.  The cycling parameters were: 1. 
94C 2’; 2. 94C 15’’; 3. 65C 1’; 4. 68C 30’’; 5. repeat from 2. 17 times; 6. 
68C 5’. The PCR product (200 to 300bp in size) was gel purified from a 2% 
TAE agarose gel using the Freeze’N Squeeze columns (BioRad). Gel purified 
fragments were finally precipitated with Sodium acetate and Ethanol and 
pellets were resuspended (25nM final concentration) in TE buffer and sent for 
SOLEXA sequencing at the UMass Worcester core deep sequencing facility.
RNA Pol II ChIP and microarray hybridization. Cells were grown as 
described above. Cell pellets (~109 cells) were flash frozen after formaldehyde 
crosslinking (1%) and kept at -80C overnight. Frozen cell pellets were 
resuspended in 300µl cell braking buffer (100mM Tris pH7.9, 20% glycerol, 1X 
Sigma Protease inhibitors cocktail) and cell walls were broken down by bead 
beating using 400ul of 0.5mm zirconia/silica beads (BioSpec Products) in the 
BioSpec Mini-BeadBeater Model 8 three times for 1min with 1min pauses in 
between. Cell pellets (5min max speed spin in refrigerated microcentrifuge) 
were then washed once and resuspended in 800µl FA lysis buffer (with 1X 
Sigma Protease inhibitors cocktail). Chromatin was sheared by sonication in 
a cup sonicator (Branson, 50% pulse at strength 7 for 3.5min) to 250-400bp 
fragments. The sheared chromatin suspension was pre-cleared with 100ul 
Protein A-agarose slurry (IPA 400 HC RepliGen) at 4C for 1hr.  100ul of the 
pre-cleared solution was saved for the ChIP input sample and 7ml of RNA Pol 
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II antibody (abcam ab81859, lot #: 933570 and GR6094-1) was added to 
the rest and incubated overnight at 4C with rotation. ChIP DNA isolation and 
amplification by TLAD was done as described previously19. 2.5 mg of aRNA 
produced from the linear amplification were used to label probes via the 
amino-allyl method as described on www.microarrays.org.  Labeled probes 
were hybridized onto a 4X44K yeast whole genome array (Agilent) at 65°C for 
16 hours.  The arrays were scanned with the Agilent microarray scanner.
Data availability.  Data can be viewed on the web at XXXXXXXXX. Data will 
be downloadable at http://www.umassmed.edu/bmp/faculty/rando.cfm, and 
will be deposited in GEO (Accession #: XXX).
Analysis. Raw sequencing data of HA and T7 libraries after the tag swap before 
release from arrest (0 generations), and at 1, 3, and 6 generations after release 
were uniquely mapped to the S. cerevisiae genome. Nucleosome positions 
were called from aggregated HA and T7 sequencing of the 3 generation sample 
using Template-Filtering34. For each nucleosome, we counted the number of 
supporting reads for each sample separately, and calculated the ratio of HA 
reads to T7 reads at each nucleosome for each time point. Note, for the H4tailD 
data the T7 data quality was poor, so we used wild-type T7 sequences for this 
comparison. For aggregated analyses such as those shown in Figure 2E or 
Figure 3, we calculated the median of the Log2 HA/T7 over the 1 kb starting 
at a given gene’s transcription start site to provide a summary retention score 
per gene.

Model. Described in Supplementary Note 1.
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Figure S1: Recombination efficiency. 
Yeast were plated onto nonselective 
media and onto media selecting for the 
HA tag (linked to Hygro), before(t=0)  
and after (t=o/n) inducing recombination. 
Roughly 2% of yeast fail to swap out the 
HA-Hygro insert.

Figure S2: HA/T7 at 3 and 6 
generations after release.
HA/T7 ratios (Log2) for individual 
nucleosomes are scatterplotted 
as indicated, showing good 
correlation but a slope <1 
(red line), consistent with the 
background of nonswitching cells 
observed in Figure S1.

Figure S3: Validation 
of target genes. A, C) 
Deep sequencing data 
(3 generations) for SPA2 
(A), and BUD3 (C). B, 
D) qPCR shown for the 
5’ and 3’ ends of SPA2 
(B) and BUD3 (D) at 
the indicated number of 
generations after tag-
swap and release. Midlog 
refers to samples taken 
three hours after the 
tag-swap was induced in 
exponentially growing cells 
that had not undergone 
a recent arrest. Note that 
only a fraction of all the 
cells had recombined 
out the old tag during 
the three hours. qPCR 
amplicon locations are 
indicated under the gene 
annotation.
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Figure S4
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Figure S4: K means 
clustering of HA/T7 
ratios.
Log(2) HA/T7 ratios 
at 3 generations after 
release are shown as a 
heatmap for all genes, 
aligned by transcription 
start site (TSS) and 
clustered (K means, 
K = 5). Selected 
Gene Ontology (GO) 
enrichments for the 
various clusters are 
indicated to the right 
of the clusters.

Figure S5: Histone retention 
anticorrelates with turnover.
A) Average profiles for the 5 
clusters from Figure S4 are 
plotted relative to TSS-aligned 
coding regions.
B) Replication-independent 
turnover (Z score15) was 
averaged for 5’ CDS, mid-CDS, 
and 3’ CDS for all genes in 
each cluster. Note that Cluster 
2, which exhibits a somewhat 
3’-shifted peak of HA/T7 relative 
to Clusters 3-5 (see A) consists 
of genes with relatively high 
5’ turnover, which presumably 
explains the downstream 
location of the HA/T7 peak in 
this cluster.
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Figure S6
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Figure S6: 
Histone retention 
anticorrelates 
with transcription 
frequency.
A-B) As in Figures 
2B-C.
C) As in (B), but 
using “transcription 
frequency” defined in 
Holstege et al71 rather 
than Pol2 ChIP.
D) As in Figure 2F, 
but using Holstege et 
al data rather than 
Pol2 ChIP data.

Figure S7: H3 retention 
at subtelomeric genes.
Median HA/T7 over the 5’ 1 
kb of all genes is plotted vs. 
distance from the closest 
telomere, with an 80 gene 
running window average 
shown in red. No specific 
enrichment of H3-HA is 
observed near telomeres. 
Similar results are found 
for repetitive subtelomeric 
genes (not shown).
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Figure S8
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Nhp6a/b are non-essential HMGB proteins73 that are required for FACT activity. The FACT 
core subunits Spt16 and Pob3 are essential, precluding us from testing their functions 
in ancestral histone inheritance. C) As in (A-B), for the indicated PCNA (POL30) point 
mutants. Average of mutant/wt, +/- S.E.M (n=2).

Figure S8: Mutant analysis 
of ancestral H3 retention. 
A) 5’/3’ ratio at SPA2 or BUD3 
were measured by q-PCR for the 
various mutants 3 generations 
after release or after one round 
of replication arrested in G2/M. 
5’/3’ ratio relative to wild-type 
level is plotted on the y axis. 
Mutants are as indicated, with 
swd1, swd3 referring to an 
average of single replicates with 
each individual mutant, and 
scc1 referring to one experiment 
using a pGAL1-SCC1 allele that 
was shut off by release into 
glucose media after the tag 
switch (leading to a G2/M arrest). 
Average of mutant/wt, +/- S.E.M 
(n=2). Swd1 and Swd3 are 
components of the Set1 complex, 
which methylates H3K4.  Set2 is 
the H3K36 methylase and Scc1 
is part of the cohesin complex. 
B) 5’/3’ ratio at SPA2 or BUD3 
were measured by q-PCR for the 
various mutants after one round 
of replication arrested in G2/M. 
5’/3’ ratio is plotted on the y axis 
with wild-type set to 1. Average 
+/- S.E.M (n=2). H4K5,12R is 
a mutant in which two of the 
acetylatable lysines of the H4 tail 
have been replaced by arginine, 
mimicking the unacetylated 
state. Rtt109 is a histone 
acetyltransferase that binds to 
Asf1 and acetylates new histone 
H3 on K5672. 
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Figure S9: HA retention on length-normalized genes. A) All genes were normalized 
to a length of 1, and genes are ordered by Pol2 ChIP. Log2 HA/T7 ratios are shown 
as a heatmap. B) Running window average of data from (A). Note the 5’ shift of the 
downstream edge of the HA/T7 peak with increasing transcription rates. C) Pol2 ChIP for 
genes as ordered in (A-B). D) Averages for all length-normalized genes grouped into 6 
bins of transcription level.
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Figure S10: 5’ accumulation of ancestral histones occurs in the absence 
of nutrient stress. A) Yeast carrying the HA/T7 recombination cassette were 
grown continuously in YPD, then were treated with b-estradiol for 6 hours to induce 
recombination. HA and T7 ChIPs were carried out after 6 hours and deep sequenced, 
and normalized HA/T7 ratios were calculated. Here, genes are ordered in 5 clusters as in 
Figure S4. B) Averaged data for cells arrested, switched, and released for 3 generations 
(“3 gen”) are shown alongside data from the midlog switch. Note that 5’ accumulation 
occurs in both conditions, but to a lesser extent in the midlog swap. This is an expected 
result of the heterogeneity of switch timing in midlog cells – only 65% of yeast have 
completed recombination after 3 hours, with 85% complete by 6 hours (not shown), 
meaning that the midlog switch represents a mixture of cells that have recently swapped 
tags with those that swapped tags ~1-3 generations prior. C) As in (B), for intermediate 
and long genes.
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Figure S11
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Figure S11: A 
quantitative model 
accurately captures 
ancestral H3 
retention patterns.
Model predictions (red 
lines) and data (blue 
lines) for HA/T7 ratios at 
1, 3, and 6 generations 
after tag swap are 
shown for 1-2 kb genes 
(A) and >2 kb genes 
(B). The model performs 
better on longer genes 
than on short genes.

Figure S12: Passback 
correlates with 
transcription rate.
Estimated passback 
parameters for each 
gene were compared 
to Pol2 ChIP values for 
each gene. Scatterplot 
is colored by density of 
points – red indicates 
greater density of points. 
White line indicates 
linear fit to dataset, R = 
0.12.
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Figure S13
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Figure S13: Short genes 
and 3’ ends are poorly 
predicted by the model.
Genes are ordered by length, 
and the difference between 
model predictions for 3 
generations and actual data 
are shown as a heatmap – 
yellow indicates the model 
predicts excessive old 
nucleosome loss, or lower 
HA/T7 ratios than measured. 
Notably, the +N nucleosome 
is universally predicted to 
lose more H3-HA than is 
measured. This is almost 
certainly a consequence 
of the fact that our model 
considers all genes in 
isolation – there is no way 
for histones to spread onto 
the 3’ end of a gene from 
adjacent genomic loci in this 
model, although this likely 
occurs in vivo.
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Figure S14
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Figure S14: The H4 N-terminal tail qualitatively changes the relationship 
between transcription and ancestral H3 retention. A) Tag swap strains carrying an 
H4 N-terminal tail deletion were processed as in Figure 2B. Genes are ordered by the 
median HA/T7 over the 5’ 1 kb. B) Pol2 ChIP was carried out in the H4 tail deletion strain 
2 generations after release from arrest. Data here shows an 80 gene running window 
average of Pol2 ChIP level per gene. C) As in Figure 2D. Genes with high HA/T7 ratios in 
the H4 tail deletion mutant actually tend to be slightly more enriched for Pol2 than those 
with low HA/T7 levels, the opposite of what is seen in wild-type (although it is important 
to note that the correlation with Pol2 levels in this mutant is very weak – note that the 
scale bar for Pol2 ChIP here ranges from -0.1 to 0.1, whereas the scale bar in Figure 2D 
ranges from -0.2 to 1). Thus, we can conclude with confidence that the effects of the H4 
tail deletion do not simply result from extensive transcription reprogramming in these 
mutants, since the relationship between Pol2 and H3-HA retention qualitatively changes 
in this mutant.
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Figure S15
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Figure S15: Replication time has subtle effects of ancestral H3 patterns. A) 
Data for the 20% earliest and 20% latest-replicating74 genes is averaged as indicated. 
B) As in (A), with gene lengths normalized to one. 
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Figure S16: 
CAF-1 mutation 
affects far-5’ 
end levels of 
ancestral H3.
Averaged data for 
clusters 4 and 5 
(Figure S4) are 
shown for wild-
type and cac1D.

Figure S17: Ancestral 
H3 retention and 
histone modification 
patterns.
Modification levels51 
compared to ancestral 
H3 retention. For each 
modification, genes 
were grouped into high, 
middle, and low HA/
T7 (based on the 5’-
most 1 kb median HA/
T7), and for each group 
of genes modifications 
were averaged for 5-CDS 
(“5”), mid-CDS (“m”), 
and 3’-CDS (“3”) as 
previously described15,19. 
Groupings are indicated 
for H3K9ac and for 
H3K79me3, and are the 
same for the other three 
modifications.
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Passback

Figure S18

Figure S18: Role for histone movement in shaping modification landscapes.
Schematic for retrograde histone movement in shaping histone modification landscapes. 
Initial 5’ (green) and 3’ (purple) histone modification states could, in the absence of 
erasing enzymes, eventually give rise to skewed distributions via retrograde motion of 
old histones bearing 3’ modifications such as H3K36me3 (purple). Importantly, after a 
few cell divisions old histones on average constitute only a minor fraction of all histones 
at any given locus (e.g see Figure S3B, D). Modifications on ancestral histones will 
therefore make subtle contributions to overall average modification patterns.
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Table S3: Strain list
Strain         Relevant genotype                                                                Reference

NKI2148
MATa his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 
ura3Δ0 hhf1-hht1∆::LEU2 hht2::HHT2-LoxP-
HA-HPHMX-LoxP-T7 HIS3::PTDH3-CRE-EBD78 
bar1∆::HisG

Verzijl-
bergen 
et al.

NKI2169 NKI2148 hhf2::HHF2Δ3-18 This study

NKI2215
MATa his3∆200 leu2∆0   trp1∆63 ura3∆0 
met15∆0 hht1-hhf1∆::MET15 HIS3::PTDH3-CRE-
EBD78 bar1∆::HisG hht2::HHT2-LoxP-HA-
HPHMX-LoxP-T7

This study

NKI2245 NKI2215 scc1::KANMX-PMET3-SCC1 This study

NKI2219
MATa his3∆200 leu2∆0   trp1∆63 ura3∆0 
met15∆0 hht1-hhf1∆::MET15 bar1∆::HisG   
HIS3-PTDH3-CRE-EBD78 hht2::HHT2-LoxP-HA-
HPHMX-LoxP-T7 pol30∆::KANMX                

This study

NKI2225 NKI2219  pBL230 (pRS314-POL30-WT) This study
NKI2226 NKI2219  pBL230.1 (pRS314-pol30-E3A-K5A) This study
NKI2227 NKI2219  pBL230.8 (pRS314-pol30-R61A-D63A) This study
NKI2228 NKI2219  pBL230.79 (pRS314-pol30-L126A-

I128A) This study
NKI4114 MATα his3∆1 leu2∆0 ura3∆0 met15∆0 

can1∆::PSTE2-Sp-his5 hhf1-hht1∆::LEU2 
hht2::HHT2-LoxP-HA-HPHMX-LoxP-T7 
lyp1∆::NATMX-PTDH3-CRE-EBD78

This study

BY4741 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 Open 
biosystems

NKI4128 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 
can1∆::PSTE2-Sp-his5 hhf1-hht1∆::LEU2 
hht2::HHT2-LoxP-HA-HPHMX-LoxP-T7 
lyp1∆::NATMX-PTDH3-CRE-EBD78

This study

NKI2236 NKI4128 cac1∆::KANMX This study
NKI2235 NKI4128 top1∆::KANMX This study
NKI4188 NKI4128 swd1∆:: KANMX This study
NKI4189 NKI4128 swd3∆::KANMX This study
NKI4190 NKI4128 set2∆::KANMX This study

Table S4: Primers used

Gene Primer Name Primer sequence
SPA2_5’ SPA2_High_Qfor ATCAAGAGAAGAGGGTTCGACAAG
SPA2_5’ SPA2_High_Qrev CATCGGCTGCGGTAATGG
SPA2_3’ SPA2_Low_Qfor CAATGGACGTCATATCCACGAT
SPA2_3’ SPA2_Low_Qrev TTCGTCACCTGTGGTTTCTTGA
SPA2_Mid5’ SPA2_MidLow_Qfor GAGAAGGGCGCATCTGTAGAAT
SPA2_Mid5’ SPA2_Midlow_Qrev CGACATTACCAAGTGGTTCTTGAA
SPA2_Mid3’ SPA2_MidLower_Qfor2 CCAACAAACAAGGATGCCAAT
SPA2_Mid3’ SPA2_MidLower_Qrev2 TCTCGTTTGATCGTACGGTTTAAG
BUD3_5’ BUD3_High_Qfor TGTCGAGACCACACCGCTAA
BUD3_5’ BUD3_High_Qrev CGTCCAGTCTGAAAGTGATTTATCA
BUD3_3’ BUD3_Low_Qfor AATATTCCCCACTATTCCTAGGTTAGC
BUD3_3’ BUD3_Low_Qrev AGGATGGTGACCTTTGAAAGTTAATT
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Nederlandse Samenvatting

Het DNA in onze cellen vormt de blauwdruk voor de bouwstenen van ons 
lichaam. DNA bestaat uit lange ketens van letters die verdeeld zijn over 
chromosomen. Samen vormen die het genoom. Elke cel in het menselijk lichaam 
heeft meerdere chromosomen die in een kleine celkern moeten passen. Om 
dat mogelijk te maken, moeten deze op een gestructureerde manier opgerold 
worden, maar wel zodanig dat het DNA zelf nog wel toegankelijk is. Deze 
toegankelijkheid is nodig om het DNA af te kunnen lezen voor het maken van 
alle eiwitten waaruit het menselijk lichaam bestaat. Elk eiwit komt van een 
stuk DNA dat ook wel gen wordt genoemd. Het oprollen gebeurt door het 
DNA om een kleine structuur te rollen die bestaat uit telkens acht eiwitten, de 
zogenaamde histonen, die samen met het DNA een parelketting vormen dat 
chromatine heet. Deze parelketting kan verder gerold worden tot een compacte 
structuur. Om een menselijk lichaam te maken en in stand te houden moeten 
cellen zich vermenigvuldigen (d.w.z. groeien en delen), wat effectief betekent 
dat het DNA telkens gekopieerd dient te worden. Deze twee kopieën moeten 
vervolgens weer opgerold worden in chromatine om naar de twee cellen te 
gaan. De samenstelling van het chromatine bepaalt voor een belangrijke mate 
welk deel van het DNA in de cel veel of weinig gebruikt wordt (genregulatie). 
De samenstelling bestaat uit de eerder genoemde histonen, maar ook uit 
allerlei chemische addities (modificaties) van deze histonen. Als bij de celdeling 
het DNA wordt gedupliceerd, worden de oude histonen met hun modificaties 
verdeeld over de twee DNA-strengen en worden de lege plekken in de verpakking 
opgevuld met nieuwe histonen zonder modificaties. Om de informatie niet te 
verliezen worden de nieuwe histonen weer gemodificeerd voordat de volgende 
celdeling plaatsvindt. Dit is een populair model in de literatuur omdat vaak 
wordt gedacht dat histonen statische eiwitten zijn die belangrijk zijn voor 
het onthouden van informatie voor genregulatie. Histonen blijven echter niet 
statisch op één plek in het chromatine, maar kunnen uitgewisseld worden met 
nieuwe histonen. De rol van histonvervanging in cellen en tijdens de celdeling 
is in dit proefschrift bekeken om tot nieuwe inzichten te komen over de rol van 
de (in)stabiliteit van histonen in het chromatine en in het cellulair geheugen. 
Aangezien histonen en hun modificaties voor een groot deel hetzelfde zijn in 
de mens als in bakkersgist, Saccharomyces cerevisiae, hebben wij dit proces in 
gist bestudeerd omdat experimenten met gist vaak sneller en efficiënter zijn. 

Ten eerste hebben we gekeken hoe de samenstelling van het deel van 
het chromatine dat opener is en waarin genen regelmatig afgelezen worden 
(euchromatine) van invloed kan zijn op de vorming van een chromatinesoort 
dat minder gebruikt wordt en moeilijker toegankelijk is (heterochromatine; 
hoofdstuk 2). We hebben gevonden dat meerdere histonmodificaties in 
het euchromatine ervoor zorgen dat eiwitten die nodig zijn voor de vorming 
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van heterochromatine beter binden waar dat hoort. Dat komt doordat deze 
modificaties voorkomen dat de heterochromatine-eiwitten op de verkeerde 
plekken binden in euchromatine en daardoor gedwongen worden naar de plek 
waar ze wel mogen binden. Histonmodificaties kunnen zowel locale effecten 
hebben als indirecte globale effecten.

De rest van het proefschrift beschrijft de bestudering van het 
dynamische gedrag van histonen in de context van chromatine. Om dat te 
bestuderen hebben we eerst een methode ontwikkeld die ons in staat stelt om 
onderscheid te maken tussen oude, bestaande histonen en nieuw gemaakte 
histonen. Dat hebben we gedaan door een kleine zogenaamde ‘switch-tag’ 
of ‘wisselvlaggetje’ te plaatsen op het histoneiwit. Het ene vlaggetje kan 
vervangen worden door een andere dankzij het enzym Cre-recombinase. Het 
wisselen van vlaggetjes of tags gebeurt op het DNA-niveau waarin een gen dat 
codeert voor het histon-eiwit eerst de oude en dan de nieuwe tag maakt. Deze 
methode hebben we Recombination-Induced Tag Exchange (RITE) genoemd en 
heeft als unieke eigenschap dat het wisselen van tags eenmalig en permanent 
is, waardoor je zeker weet dat alle bestaande (oude) histonen de eerste tag 
hebben en alle nieuwe histonen de tweede tag. Ze worden dus nooit tegelijk 
gemaakt. In hoofdstuk 3 hebben we gekeken naar de vervanging van oude 
door nieuwe histonen in cellen in verschillende fasen van de celcyclus en 
hebben we gekeken of histonen ook worden uitgewisseld als er geen celdeling 
plaatsvindt. Oftewel, of er replicatieonafhankelijke uitwisseling mogelijk is en 
zo ja, wat de kenmerken er van zijn. We hebben waargenomen dat histonen 
eigenlijk constant worden uitgewisseld en met een veel hoger tempo dan 
van tevoren verwacht. Deze replicatieonafhankelijke vervanging vond plaats 
tijdens elke fase van de celcyclus. Wat ook opviel is dat genen die vaak worden 
afgelezen (transcriptie) veel sneller oude histonen vervangen door nieuwe dan 
genen die niet vaak worden afgelezen. 

Om te bepalen wat de relevantie is van deze snelle histonvervanging 
wil je dit proces verstoren of versterken, zodat je kunt testen wat het effect 
is op de cel. Om dat te kunnen doen moet je eerst weten wat ten grondslag 
ligt aan dit proces. Met andere woorden, welke factoren (eiwitten) zijn hierbij 
betrokken? Om daar achter te komen moet je een eiwit of gen uitschakelen 
en bepalen wat de gevolgen zijn voor histonstabiliteit. Met de bestaande 
technieken kon dit alleen door cel voor cel te bepalen of de histonvervanging 
veranderd was. Die experimenten zijn erg tijdrovend en daardoor beperkt tot 
het testen van enkele kandidaten. Daarom hebben we een methode ontwikkeld 
die ons in staat stelt om in allerlei verschillende giststammen, die telkens 
een andere factor missen, tegelijk te testen of ze een verandering hebben in 
de hoeveelheid histonvervanging. Met deze methode hebben we een aantal 
factoren kunnen identificeren; sommigen stimuleerden, anderen remden de 
histonvervanging. Een van de stimulerende factoren, Hat1, hebben we verder 
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bestudeerd om te kijken hoe dit eiwit deze stimulatie uitvoert. Het is een eiwit 
dat modificaties plaatst op een van de histonen, ze vervolgens naar de celkern 
transporteert en waarschijnlijk overhandigt aan een ander eiwit (Asf1), dat er 
weer voor zorgt dat het op het DNA geplaatst wordt. We hebben ontdekt dat 
het plaatsen van die modificaties nodig is, maar ook het transport naar de kern. 
In de kern blijkt dat een van de factoren waar Hat1 normaal mee samenwerkt, 
Hif1, ook een eigen rol speelt in histonvervanging. Tot slot hebben we ontdekt 
dat Hat1 niet per se de zelfde histonen bindt als Asf1. Hoewel Hat1 wel een 
voorkeur heeft voor nieuwe, bindt Asf1 evenveel aan oude als aan nieuwe 
histonen. Dat betekent dat de transportroute van histonen niet zo rechtlijnig is 
als eerder werd verondersteld (hoofdstuk 4). 

Tot slot hebben we bestudeerd wat het lot is van oude histonen in 
cellen die zich vermenigvuldigen. Als histonen en hun modificaties belangrijk 
zijn voor het geheugen van de cel, dan is de verwachting dat histonen met 
hun modificaties na de celdeling weer terugkomen op de plek waar ze vandaan 
komen, zodat oude histonen de nieuwe histonen kunnen informeren. We weten 
dat histonen stabiele eiwitten zijn, maar we weten nu ook dat zelfs als een cel 
niet aan het delen is (en er dus ook geen nieuwe hoeveelheid DNA opgerold 
hoeft te worden) de histonen regelmatig vervangen worden. Daarom hebben 
we in hoofdstuk 5 gekeken naar de ‘retentie’ van oude histonen om een idee 
te krijgen of en hoe de histonen bij hun originele plek op het DNA blijven. 
Hiervoor hebben we het hele genoom in een gistcel bekeken om te zien of 
er bepaalde plekken zijn waar de oude histonen bij voorkeur ophopen. De 
resultaten van onze experimenten laten zien dat er geen grote domeinen zijn 
op chromosomen waar oude histonen ophopen, maar wel kleinere stukjes 
binnen genen. Als je alle genen naast elkaar legt kun je zien dat oude histonen 
voornamelijk aan het begin van genen zitten. Die retentie aan de voorkant 
is het meest opvallend bij lange genen die relatief weinig worden afgelezen. 
Het idee dat hieruit ontstaat, is dat histonen vrijkomen net voor het begin 
van een gen, zodat andere eiwitten bij het DNA kunnen om het af te lezen. 
Daarna wandelen de aflees-eiwitten door het DNA (van begin naar het eind 
van een gen), maar plaatsen wel telkens de oude histonen een stukje terug 
in tegenovergestelde richting, waarbij de histonen dus steeds een stukje naar 
het begin van een gen opschuiven. Op die manier moeten er vanaf het eind 
van een gen nieuwe histonen worden aangevoerd. Hoe langer het gen, des te 
langer het duurt voor alle oude histonen er uit gewandeld zijn. En zo ook, hoe 
vaker het DNA wordt afgelezen, des te vaker ze een plekje opschuiven. 

Samengevat kunnen we concluderen dat chromatine enerzijds 
dynamisch is en in staat blijkt histonen rap te vervangen en anderzijds de 
histonen binnen een relatief klein gebied kan bewaren na duplicatie van de 
DNA-strengen. Histonen met modificaties kunnen vervangen worden door 
ongemodificeerde histonen, maar op andere plekken kunnen de modificaties 
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juist vast gehouden worden. Dit betekent dat histonvervanging bij kan dragen 
aan het lokaliseren van modificaties. Met gebruik van onze nieuwe methodes 
hebben we een aantal factoren geïdentificeerd die de histonvervanging 
beïnvloeden. Door verstoring van die factoren kunnen we in de toekomst 
bepalen hoe belangrijk de balans tussen vervanging en retentie van histonen 
is voor de cel. 
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English Summary

Eukaryotic cells contain long strands of DNA that need to be packaged into 
small structures that fit in the limited space available in the nucleus of the cell. 
Packaging is done by wrapping the DNA around histone proteins, together called 
nucleosomes. The nucleosomes form a beads-on-a-string structure, known 
as chromatin, which can be further organized into higher order structures. 
Histones can be altered by proteins that add or remove chemical modifications 
to specific residues at specific positions. These histone modifications, which can 
occur in different combinations, can directly or indirectly affect the binding of 
regulatory proteins to chromatin. Thereby, they play an important role in gene 
regulation, DNA repair, and DNA replication. Histone modifications have also 
been suggested to 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 modifications, such as histone methylation, are relatively stable 
and several copy mechanisms seem to be available. However, histones are not 
necessarily permanent residents in the genome once deposited during DNA 
replication. The first goal of the studies described in this thesis was to better 
understand the mechanisms by which histone modifiers that are associated 
with active regions of the genome affect the formation of silent chromatin 
domains. The second goal was to unravel the patterns and mechanisms of 
histone turnover and inheritance to study the role of histone turnover in 
epigenetic regulation.

Methylation of lysine 79 of histone H3 by Dot1 occurs in euchromatin 
(active regions) and promotes the formation of heterochromatin (inactive 
regions). The presence of this mark in euchromatin helps to prevent the non-
specific binding of silencing proteins, which enhances binding at heterochromatin. 
By inactivating multiple other modifiers of euchromatin we found that they 
also affected heterochromatin and did so by mechanisms independent of Dot1 
(chapter 2). Therefore, multiple histone modifications do not just act as local 
recruitment modules but can also act by more global and indirect means. 

To start to investigate the role of histone turnover in epigenetic control, 
we developed a novel assay called recombination-induced tag exchange (RITE; 
chapter 3). This is a genetic pulse-chase tool that enables the discrimination 
between old and new proteins. RITE uses endogenous gene promoters and has 
the unique ability to switch epitope tags on a protein permanently, enabling the 
measurement of both loss of old as well as gain of new proteins. To measure 
histone turnover we applied RITE to histone H3. By comparing replication-
independent to replication-dependent deposition we found that arrested cells 
can rapidly replace a large fraction of the genome-bound histones suggesting 
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that chromatin is a highly dynamic structure. Moreover, replication-independent 
turnover took place in all cell-cycle phases. By comparing the turnover at 
different loci in the genome we found that transcriptional activity of a gene is 
positively correlated with turnover and that induction of transcription causes 
histone turnover. We were also able to apply the RITE assay to the proteasome 
to study its stability, since it is known to be highly stable but unknown how it is 
degraded. We succesfully added fluorescent proteins both before and after the 
switch to enable the use of microscopy.

To fully understand the relevance of a dynamic epigenome in which 
histone modifications can be constantly reset by turnover, players involved 
in histone turnover need to be manipulated. For that purpose we performed 
a screen to search for turnover factors (chapter 4). The screening tool we 
developed enabled the simultaneous measurement of histone turnover in 
many gene deletion mutants. We found several mutants that either positively 
or negatively affected histone turnover. The evolutionarily conserved histone 
acetyltransferase HAT-B complex was found to stimulate histone turnover, both 
through its acetyltransferase function as well as through its interacting factor 
Hif1. In addition, we found that Hat1 binds to a different subset of the pool of 
soluble histones than Asf1, indicating that Hat1 is mainly involved in assembly, 
whereas Asf1 mediates both assembly and disassembly of nucleosomes. 

The dynamic behavior of histones challenges the idea that they may 
transmit cellular memory signals. To investigate the putative role of histones in 
memory, we used RITE to examine the inheritance of histones in replicating cells 
(chapter 5). To determine what happens to ancestral histones throughout cell 
division, the relative enrichment of old histones was determined genome wide 
after one, three and six cell divisions. We found that there are no large domains 
in the genome that retain old histones. Rather, they were predominantly 
retained at the beginning (5’ end) of most gene coding sequences (ORFs), 
with long genes and lowly transcribed genes accumulating more old histones 
than short genes or highly transcribed genes. Using a mathematical model that 
describes the observed data, several observations were made. 1) The relative 
enrichment of ancestral histone retention in cycling cells is not merely a result 
of replication-independent histone turnover. 2) During replication, the majority 
of histones spread around 400 bp from their original location. This, to our 
knowledge, is a first estimate for the distance of replication-coupled spreading 
in vivo. Our findings suggest that 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 
the histone signals to the daughter cells. 3) RNA polymerase II passage during 
transcription leads to a 100 bp lateral 5’ movement of nucleosomes. We expect 
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that by this retrograde movement of histones, histone modifications may also 
be transferred from 3’ to the 5’ end of a gene.

Histones are very dynamic and are inherited in specific patterns. To 
understand the biological significance of these processes it will be important to 
unravel the underlying mechanisms and study the consequences of disrupted 
histone dynamics. The screen that we developed and mutants that we already 
identified will be good starting points to study the significance of having 
balanced dynamic turnover and retention. 
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