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INTRODUC TION
The DNA in the eukaryotic cell needs to be packaged to fit in the limited dimensions 

of the nucleus in an organized manner. The packaged form of DNA is referred to 

as chromatin. The first level of DNA packaging is the nucleosome, which consists 

of 146 bp of DNA wrapped around an octamer of histone proteins. There are 

four canonical histone proteins: H2A, H2B, H3, and H4. In the cell, the arrays of 

polynucleosomes are further organized into higher orders of packaging.

Chromatin is a very dynamic structure. Histones can be post-translationally 

modified, histone variants can replace the canonical histones, and histones can be 

exchanged. These dynamic changes can influence chromatin structure and function. 

Changes in chromatin structure are called epigenetic changes: they can lead to 

stable changes in gene expression and thereby stable changes in the phenotype of 

a cell without a mutation in the DNA sequence. In order for epigenetic memory to 

work in replicating cells, it has been suggested that the pattern of post-translational 

modifications (PTMs) is quickly re-established after DNA replication to maintain 

cell identity. However, so far, evidence for epigenetic memory based on histone 

modifications is still sparse. The recent observations that histones are quite dynamic 

also challenge some of the models of epigenetic memory. Histone exchange, the 

replacement of histones by the same type of histone, provides the cell with a means 

to renew the chromatin. When cells are growing and dividing, DNA replication and 

cell division result in a dilution of existing histones with new (mostly) unmodified 

ones (reviewed in (Alabert and Groth, 2012; Annunziato and Papers, 2005)). When 

cells are not dividing, replication-independent histone exchange enables replacement 

of histones (Dion et al., 2007; Jamai et al., 2007; Ray-Gallet et al., 2011; Skene and 

Henikoff, 2013; Verzijlbergen et al., 2010). The cell could use replication-independent 

exchange to replace damaged histones, or to erase PTMs in a specific region of the 

DNA, thereby providing epigenome plasticity. By altering the structure of chromatin 

by histone exchange, transcription factor binding sites in promoters can be exposed 

or occluded. Nucleosomes and transcription factors might dynamically compete for 

DNA binding. This opens up the possibility that histone exchange influences the 

transcriptional output of a transcription factor binding event (Lickwar et al., 2012). 

Suppression of histone exchange in coding regions might be a mechanism to suppress 

transcription from cryptic promoters (Venkatesh et al., 2012). The histone exchange 

observed in promoters and boundary regions could serve as a mechanism to prevent 

spreading of chromatin types (Dion et al., 2007). 

METHODS TO MEASURE HISTONE EXCHANGE
To measure histone exchange, different strategies have been developed. Several 

studies make use of an ectopic expression assay where an ectopic copy of the gene 

of interest is introduced in the cell (Cheng and Gartenberg, 2000; Jamai et al., 2007; 
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Introduction and general discussion

Linger and Tyler, 2006; Rufiange et al., 2007; Schermer et al., 2005). The ectopic copy 

is tagged and under control of an inducible promoter. Upon induction of the ectopic 

gene, new proteins (that are tagged) can be followed. A disadvantage of this method 

is that normal gene regulation is perturbed and that genes may be overexpressed. 

Another method that has recently been developed is Covalent Attachment of Tags to 

Capture Histones and Identify Turnover (CATCH-IT) (Deal et al., 2010). This method 

uses a methionine analog that can bind biotin. After switching to media containing the 

methionine analog, all new proteins will be labeled. A disadvantage of this method is 

that specificity is obtained by stringent washes that remove all proteins bound to the 

DNA, except histones H3 and H4. This restricts the application to these core histone 

proteins. A method where both old and new proteins can be tracked simultaneously 

is Recombination-Induced Tag Exchange (RITE) (Chapter 3). This method makes use 

of a DNA cassette that is incorporated behind the gene of interest in the DNA. The 

cassette contains two epitope tags and two LoxP recombination sites, the first tag is 

located between the LoxP sites, the second tag is located downstream of the second 

LoxP site. When the whole cassette is present, synthesized proteins will contain the 

first tag. A tag-switch is performed when Cre recombinase is induced. After this 

the newly synthesized proteins will contain the second tag. A major advantage of 

RITE is that the gene of interest is expressed from its endogenous location, under 

control of its endogenous promoter. There are no effects of overexpression caused 

by ectopic extra copies of the gene. There is no need for media swaps; to induce 

Cre recombinase only an otherwise inert hormone needs to be added to the growth 

media. However, because of the induction kinetics of Cre recombinase, the assay 

is less suitable for proteins that have a very high exchange level, as the tag-switch 

takes several hours. Another limitation is that current versions of the RITE assay 

are only suitable for C-terminal tagging of proteins. We occasionally observe that 

C-terminal tagging can affect protein function, but this can be different for different 

tags (Chapter 3). A C-terminal tag could also have an effect on mRNA or protein 

stability, resulting in less protein in the cell. The RITE cassette has an ADH1 terminator 

behind the first tag, but the second tag is followed by the endogenous terminator. 

The different terminators could have a different effect on the protein. To prevent 

such differences, specialized RITE cassettes can be developed in which the terminator 

before the switch is the same as the terminator after the switch. We have already 

developed RITE cassettes that have ADH1 terminators after both tags. However, to 

disrupt the endogenous gene expression as little as possible, it may be preferable to 

make gene-specific cassettes with endogenous terminators. 

H2A.Z EXCHANGE
The incorporation of histone variants may serve a similar role as PTMs but can also 

influence the stability of the nucleosome and thereby promote histone exchange. 

11



H2A.Z, a major variant of H2A, has been shown structurally to destabilize the 

nucleosome in vitro (Suto et al., 2000). In vivo, H2A.Z is located in regions of the 

yeast genome where exchange of H3 is high (Jamai et al., 2007; Verzijlbergen et al., 

2010). The SWR1 complex incorporates H2A.Z into the nucleosome by replacing 

H2A. It has recently been shown that the SWR1 complex can also perform this 

action in reverse, replacing H2A.Z in the nucleosome by H2A (Watanabe et al., 

2013). The specificity of the SWR1 complex was shown to depend on acetylation 

of lysine 56 on histone H3 (H3K56ac). H3K56ac, a hallmark of newly incorporated 

H3 and positively correlated with H3 exchange, overlaps with H2A.Z localization 

(Kaplan et al., 2008; Rufiange et al., 2007). Interestingly, H3K56ac stimulates the 

SWR1 complex to replace H2A.Z in the nucleosome by H2A, whereas H3K56 that is 

not acetylated stimulates the SWR1 complex to replace H2A by H2A.Z (Watanabe et 

al., 2013). Watanabe et al. propose that this will lead to multiple rounds of H2A.Z/

H2A replacement; first unacetylated H3 allows incorporation of H2A.Z, which 

in turn destabilizes the nucleosome making it easier to exchange additional H3 

proteins. Newly incorporated H3 is H3K56ac, which stimulates the SWR1 complex 

to incorporate H2A. A SWR1-related complex that is involved in the eviction of 

H2A.Z from the chromatin is the INO80 complex. This complex can replace H2A.Z 

in the nucleosome by H2A (Papamichos-Chronakis et al., 2011). H2A.Z can be 

acetylated on its N-terminal tail by the NuA4 and SAGA complexes in yeast (Babiarz 

et al., 2006; Ishibashi et al., 2009; Keogh et al., 2006; Mehta et al., 2010; Millar et 

al., 2006). This acetylation occurs mostly on promoter-located H2A.Z. It has been 

shown that the INO80 complex is mostly found in coding regions and it preferentially 

removes unacetylated H2A.Z (Papamichos-Chronakis et al., 2011). All these 

findings suggest that H2A.Z is very dynamic. To test this idea, we compared global 

replication-independent exchange of H2A.Z and H3 by immunoblot in Chapter 4. 

Surprisingly, our results show a global replication-independent exchange of H2A.Z 

that is similar as, or even lower than H3 exchange. Our result is in contrast with 

studies that have shown that H2B exchange is higher than H3 exchange (Jamai et 

al., 2007; Kimura and Cook, 2001). It is possible that H2A.Z is more stable than 

H2B. However, if we assume that H3 cannot be exchanged without the removal 

of the H2A.Z-H2B dimers, based on the fact that H2A-H2B (or H2A.Z-H2B) are 

removed from the DNA before H3-H4 under increasing salt concentrations (Park 

and Luger, 2006) and by virtue of their assembly pathways (Chapter 1), we do 

not expect that H2A.Z remains on the chromatin when H3 is evicted. Therefore, 

our results might suggest that H2A.Z is being recycled and reassembled after a 

transient eviction. Histones that are evicted and recycled would go undetected with 

RITE and most other assays that measure histone dynamics. Although recycling 

of a histone protein may not affect the epigenetic code if it is reassembled at the 

position from which it originated, (which may not always be the case) dynamic 

behavior of histones is likely to influence the accessibility of the underlying DNA or 
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Introduction and general discussion

the functional consequences of a transcription factor binding event, as has been 

shown for Rap1 (Lickwar et al., 2012). Therefore, it will be important to develop 

methods to detect and measure histone exchange as well as histone recycling. To 

be able to detect recycling, the histones from different genomic locations could be 

tagged with different tags, to investigate if histones from location A go to location 

B. however, if recycled histones stay close to their previous location, this approach 

might not have enough resolution. To gain resolution, a histone would need to be 

first labeled as ‘old’, and second, it would have to be labeled with a different label 

when it is evicted from the chromatin. When histones labeled ‘old’ and ‘evicted’ are 

found bound to the DNA, it would mean there is recycling. 

To investigate H2A.Z recycling, we combined RITE with ectopic overexpression 

of H2A.Z. If H2A.Z is stably bound to DNA, the resident (old) H2A.Z would not 

be replaced by the extra new H2A.Z, whereas if H2A.Z is going in and out of the 

chromatin, the extra H2A.Z could compete for assembly and replace at least part of 

the old H2A.Z. The ectopic copy of H2A.Z was under control of the inducible GAL1 

promoter and contained the same tag as the ‘new’ tag in the RITE assay. After the 

tag switch, the ectopic copy was induced by releasing the cells in media containing 

galactose. Our results show that new H2A.Z is incorporated into chromatin to a 

higher level than cells that do not have H2A.Z overexpression. However, even when 

H2A.Z new levels were higher in chromatin, not all old H2A.Z disappeared. This 

suggests that there was more de novo incorporation of H2A.Z, but not all old H2A.Z 

was competed out of the chromatin. This also suggests that chromatin opens and 

closes, because H2A.Z was incorporated. 

In general, results on histone exchange should be interpreted with caution. For 

example, previous studies using inducible promoter strategies to label old and new 

histones in yeast have observed that there is more exchange in promoter regions than 

coding regions of the DNA. In these studies it cannot be excluded that this is caused 

by histone recycling in coding regions. The fact that less exchange is observed in 

coding regions does not mean that the chromatin is less disrupted. Evicted histones 

in transcribed regions could stay in close proximity of the disrupted chromatin, if 

they bind to chaperones or complexes that are bound to the DNA or transcription 

or replication machineries (Chapter 1). It has been shown that chromatin needs to 

be re-established quickly in the wake of RNA polymerase to prevent undesirable 

events like transcription from cryptic promoters (Venkatesh et al., 2012). Indeed, 

H3K36me (histone H3 lysine 36 methylation) has been implicated in suppressing 

histone exchange (Venkatesh et al., 2012). However, H3K36me might not suppress 

histone exchange by preventing the exchange itself, but it may act by promoting 

recycling of histones. Recycling might also be a consequence of suppression of 

incorporation of newly synthesized histones. Histone chaperones that are implicated 

in suppressing histone exchange might be involved in recycling mechanisms. Some 

chaperones have been found associated with histones harboring chromatin-PTMs. 

13



The HIR complex in yeast has been suggested to reassemble H3 in cis (Kim et al., 

2007), and the histone chaperone Asf1 has been shown to bind to H3-H4 dimers 

harboring chromatin-associated PTMs during DNA replication (Groth et al., 2007). 

Determining whether other chaperones and deposition complexes also associate 

with histones derived from chromatin might reveal if recycling could be a more wide-

spread mechanism of the cell. We have investigated two H2A.Z chaperones, Nap1 

and Chz1, but have found no effect on global H2A.Z exchange. This suggests that 

there are redundant mechanisms to deliver H2A.Z to the Swr1 complex. It might be 

more effective to investigate incorporation complexes, since at least two complexes 

have been shown to be able to perform disassembly and assembly of nucleosomes. 

The FACT complex has been implicated in removing H2A-H2B during transcription, 

but it has also been implicated in assembly of H2A-H2B (Formosa, 2011). The Swr1 

complex has been shown to be able to swap H2A in the nucleosome for H2A.Z, or 

the other way around, depending on the stimulus of PTMs (Watanabe et al., 2013). 

METHYL ATION AS MOLECUL AR T IMER
As described above, histone exchange seems not to be occurring at random places 

in the genome. In Drosophila, replacement of histone H3 by the variant H3.3 has 

been detected mainly in promoter regions, transcribed regions of the genome, and 

regulatory regions (Mito et al., 2005; Teves et al., 2012). This replacement has been 

connected with chromatin disruption caused by transcription. In yeast cells, the 

combination of replication-independent and –dependent histone exchange results 

in an accumulation of ancestral histones at the 5’ ends of coding regions of long 

genes that have low to intermediate transcription levels in dividing cells (Radman-

Livaja et al., 2011). Interestingly, methylation of H3K79 by Dot1 has been linked 

to these ancestral histones (Chapter 5). Dot1 methylates H3K79 by a distributive 

manner, which results in changing ratios of mono-, di-, and tri-methylation over 

time and throughout the cell cycle. Since so far there have been no demethylases 

found for H3K79me, it has been suggested that this PTM can only be removed by 

dilution of histones by replication-coupled or –independent mechanisms. Therefore, 

and supported by a mathematical model, we predicted that the residence time 

of a histone in the chromatin would be a determinant of H3K79me level. Using 

RITE to purify old histone H3 from dividing cells over multiple generations, we 

were indeed able to show that H3K79me3 increases on aging H3 (Chapter 5). 

This result shows that methylation continues not only throughout the cell cycle, 

but also in subsequent generations. In agreement with this, we found that the 

position of old histones correlates with the position of high levels of H3K79me3 

(Radman-Livaja et al., 2011). Ongoing methylation would suggest that none of 

the daughter cells precisely recapitulates the parental epigenome. This dynamic 

behavior seems incompatible with the idea that methylated H3K79 functions as an 
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Introduction and general discussion

epigenetic memory mark at single-nucleosome precision. Instead, the cell might use 

H3K79me as mark to couple cell cycle progression to changes in the epigenome. 

The connection between histone age and H3K79 methylation suggests that there 

is a possibility that the epigenome can not only be influenced by modifying and 

demodifying enzymes but also by factors that affect histone age and localization 

in the cell. A mathematical model that has been proposed to explain the observed 

distribution of old histones in replicating cells suggests three possible parameters: 

1) replication-independent histone turnover, 2) passback of histones from the 3’ to 

the 5’ end of coding regions by passing RNA polymerase II, and 3) some diffusion 

of nucleosomes during DNA replication (Radman-Livaja et al., 2011). Whether the 

net outcome of these events fine-tunes the H3K79me landscape laid down by 

Dot1 or whether H3K79me3 functions as a mark to prevent exchange of particular 

nucleosomes, remains to be determined. 

OUTLOOK 
Recent studies indicate that histone H3.3 deposition is involved in key cellular processes 

such as epigenetic reprogramming and cancer development (Filipescu et al., 2013). A 

large fraction of human pancreatic neuroendocrine tumors (PanNETs) has been found 

to harbor mutations that inactivate ATRX and Daxx, two H3.3 chaperones implicated 

in incorporation of H3.3. Loss of ATRX/Daxx might lead to telomere destabilization 

in these tumor cells (Heaphy et al., 2011). In human pediatric glioblastomas, driver 

mutations in ATRX/Daxx have been found as well as mutations in the H3.3 gene 

itself (Schwartzentruber et al., 2012; Sturm et al., 2012). Interestingly, some of the 

mutations in H3.3 in these glioblastomas reduce global H3 methylation levels in cells 

by inhibition of SET-domain enzymes, suggesting that the mutant H3.3 proteins act 

in a dominant manner to also influence canonical H3 (Lewis et al., 2013). These 

findings stress that histone exchange plays a major role in epigenome control and 

cell function. Therefore, it will be important to unravel the mechanisms underlying 

histone exchange to be able to fully understand the significance of this unexplored 

level of epigenetic regulation and its role in normal development and cancer.
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SUMMARY
Chromatin not only serves as a packaging material, but also functions as a platform 

for integrating signals that act upon the genome. Indeed, chromatin is a dynamic 

macromolecular structure that can be dramatically altered in many ways to 

facilitate the different transactions at the genome. Examples of such alterations 

are relocalization of genomic loci within the nucleus upon transcriptional activation 

or induction of DNA damage, adding or removing post-translational modifications 

on histones or other chromatin-binding factors, or altering the basic organization 

of chromatin by moving or removing nucleosomes, i.e. modifying the occupancy 

by histone octamers. New insights into the scope and mechanisms of chromatin 

dynamics have recently been obtained by the development of novel techniques to 

visualize chromatin protein mobility and stability. Here we discuss the developments 

in this area, with special emphasis on histone exchange, which we define as the 

replacement of histone proteins without a prerequisite change in occupancy. 

Although histone exchange may not affect chromatin organization per se, recent 

studies suggest that it can influence key epigenetic processes such as histone 

inheritance, the distribution of histone post-translational modifications, and the 

output of transcription factors. Importantly, errors in histone exchange in humans 

can contribute to malignant transformation.
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INTRODUC TION: CHROMATIN PROTEIN DYNAMICS
The basic building block of chromatin is the nucleosome, which consists of DNA 

wrapped around an octamer of histone proteins. The histone octamer consists of 

one tetramer of histones H3-H4 and two dimers of H2A-H2B. The nucleosome is a 

robust structure. Indeed, at a bulk level histone proteins are stable proteins with long 

half-lives and relatively little mobility in the nucleus of the cell. This, however, does 

not mean that histone proteins are static entities. In fact, recent studies suggest that 

chromatin is a highly dynamic platform that coordinates many different processes in 

which the genome is involved, such as transcriptional regulation, RNA processing, 

DNA repair and replication. These processes can involve extensive and complex 

post-translational modification of histones, subnuclear genome organization, 

recruitment of regulatory factors, or alterations in nucleosome occupancy. In 

addition to these processes that can be readily visualized, more subtle chromatin 

rearrangements can occur by replacing resident histones for newly synthesized 

ones. This process of histone exchange or turnover has until recently remained 

unnoticed but may nevertheless have an important impact on the epigenome and 

its function. Here we discuss technologies that have been developed to measure 

histone dynamics and what they have taught us on the mechanisms and functions 

of this novel layer of epigenetic regulation.

METHODS TO MEASURE HISTONE PROTEIN DYNAMICS
There are various ways to capture the dynamics of proteins in the cell. Here we 

focus on methods that have been applied to histones and chromatin-bound proteins 

(reviewed in (Deal and Henikoff, 2010a)). A short overview of the different techniques 

and their applications will be given here. Some methods are aimed at visualizing 

spatial movement of chromatin proteins; others measure protein stability, turnover, 

or exchange. What these methods have in common is that they provide a means to 

distinguish between resident and newly assembled or newly synthesized proteins.

FRAP

Movement of chromatin proteins within the nucleus can be visualized by combining 

the use of fluorescent fusion proteins with live cell imaging. By Fluorescence 

Recovery After Photobleaching (FRAP) a discrete region of the nucleus is subjected 

to laser photo bleaching. The time it takes to regain fluorescence in that region is 

a measure for the replacement of resident proteins by proteins from non-bleached 

regions or newly synthesized proteins, thereby informing on the residence time 

of the labeled protein in chromatin. FRAP has been used to study a wide range 

of proteins including histones, transcription factors, and chromatin remodeling 

enzymes. These studies have shown that the residence time of regulatory proteins 

is in the order of seconds and of linker histone H1 in the order of minutes. The 
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residence time of bulk canonical histones is in the order of hours, with  H2A and 

H2B showing more exchange than H3 and H4 (Catez et al., 2006; Kimura and 

Cook, 2001; Phair et al., 2004). Imaging approaches to measure protein dynamics 

or interactions using conditional time-controlled fluorescent proteins have recently 

been reviewed elsewhere (Toyama and Hetzer, 2013; Wu et al., 2011). Although 

very powerful and applicable to single cells, imaging based methods do not provide 

information about the dynamics of chromatin proteins at specific genomic regions.

Conditional Fluorescent Labeling: SNAP-tag, FlAsh-ReAsh, and TimeSTAMP

The SNAP-tag is a modified variant of O6-alkylguanine-DNA alkyltransferase. The 

normal function of this alkyltransferase is in DNA repair (Jansen et al., 2007). The 

SNAP-tag polypeptide can bind covalently to its substrate O6-benzylguanine. 

Derivatives of O6-benzylguanine are cell-permeable and can be fluorescent or 

non-fluorescent, allowing both labeling and quenching approaches. By alternating 

the substrates, pulse-chase assays can be performed to follow newly synthesized 

proteins (Figure 1A). Using this method, distinct mechanisms and timing of 

deposition have been described for canonical histone H3 and the variant histone 

H3.3; in HeLa cells histone variant H3.1 is incorporated during S phase while 

histone variant H3.3 is incorporated throughout the cell cycle (Ray-Gallet et al., 

2011). The HaloTag, a protein fusion tag that covalently binds to a series of specific 

ligands, may offer similar approaches (Kovalenko et al., 2011). The FlAsh and 

ReAsh technique employs a small tetracysteine tag that can bind to biarsenical 

fluorescent tags (Adams and Tsien, 2008). These biarsenical tags can permeate the 

cell membrane and are not fluorescent until they are bound to the tetracysteine 

tag. Although this method may not be as sensitive as conventional GFP (Green 

Fluorescent Protein)-fusion protein labeling, an advantage of this method is that 

there is no need to wash away unbound dye. Moreover, the tag is relatively small 

when compared to GFP, avoiding problems caused by bulky tags. The TimeSTAMP 

method combines epitope tagging with protease cleavage (Lin, 2010). The protein 

of interest is tagged with a small epitope tag that contains a specific protease 

cleavage site. The specific protease cleaves off the epitope tag by default. Upon 

inhibition of the protease the tag remains stable, allowing detection of the newly 

synthesized protein, for example by immunoblotting or immunocytochemistry. 

Detection of protein dynamics by Mass Spectrometry

Mass Spectrometry (MS) has been used extensively to identify post-translational 

modifications (PTMs) on histones. Using Stable Isotope Labeling by Amino acids in 

Cell culture (SILAC) in combination with MS, global dynamic changes in modifications 

can be monitored due to the mass differences of old and new proteins. With this 

method, and consistent with previous studies, histone acetylation and deacetylation 

have been found to be highly dynamic processes. Histone methylation generally is 
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a more stable PTM. For example, in SILAC studies on HeLa cells, mono-methylation 

occurred on most lysines in H3 (K4, K9, K27, and K36) shortly after incorporation 

into the chromatin, whereas di- and tri-methylation accumulated more slowly 

during the cell cycle. Methylation of H3K79 even increases across multiple cell 

generation (Sweet et al., 2010). MS-based technologies are very powerful. They 

can not only be used to measure levels and dynamics of modifications occurring on 

proteins but also of the proteins themselves. SILAC-MS analysis of histone proteins 

in HeLa cells has shown long half-lives of canonical histones and somewhat shorter 

half-lives for histone H1, which is generally in agreement with the FRAP studies 

described above (Zee et al., 2010). 

Pulse-chase labeling combined with affinity purification: CATCH-IT  
and QuaNCAT

Recently, two new methods were developed that do not need the use of inducible 

gene copies or fusion proteins. CATCH-IT (Covalent Attachment of Tags to Capture 

Histones and Identify Turnover) has been used to capture histone exchange genome-

wide. In this method, cells are treated with a methionine analog L-azidohomoalanine 

(AHA), which is incorporated into all newly synthesized proteins in the cell and which 

can subsequently be linked to a biotin tag. Newly synthesized proteins can be purified 

using streptavidin beads and histones and the DNA bound to these new histones can 

be extracted under stringent washing conditions (Deal and Henikoff, 2010b) (Figure 

1B). With CATCH-IT all proteins in the cell will be labeled, which makes this method 

at the moment especially suited for studying the dynamics of (H3-H4)2 tetramers, 

since these remain associated with the DNA under conditions that lead to dissociation 

of most other proteins (Deal and Henikoff, 2010a). A recent variation to this method 

is QuaNCAT. It combines site selective labeling with AHA (BONCAT; bio-orthoganol 

non-canonical amino acid tagging) to enrich for newly synthesized proteins with 

quantitative SILAC-based mass spectrometry to provide a way for quantitative 

comparison of bulk protein dynamics between two conditions (Howden et al., 2013).

Internalization of ectopic exogenous histones

The cells of the slime mold Physarum polycephalum grow in a naturally synchronous 

manner and are capable of internalizing exogenous proteins. Taking advantage of 

these unique properties, incorporation of tagged histones has been determined. In 

this system, exogenous H2A-H2B dimers localize to the nucleus in the G2 phase of the 

cell cycle, regardless of transcriptional activity, however, assembly into the chromatin 

is dependent of transcription by RNA Polymerase II,  whereby H2A-H2B exchange 

is higher in coding regions than in promoter regions and higher in active genes 

than in inactive genes. H3-H4 tetramers show very little replication-independent 

incorporation. The fate of resident (untagged) histones cannot be determined by this 

assay (Ejlassi-Lassallette et al., 2011; Thiriet and Hayes, 2005, 2006). 
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Figure 1. Methods to measure histone dynamics. A) SNAPtag can be used to follow newly 
synthesized proteins in the cell. The SNAPtag binds covalently to labels. The labels can be 
either fluorescent or non-fluorescent, to allow pulse-chase and quench-pulse-chase assays, by 
alternating the types of labels. TMR (tetramethylrhodamine) conjugated to SNAP substrate is used 
as fluorescent label to detect exchange; BG-block (O6-benzylguanine) is used to block binding of 
TMR. B) CATCH-IT (Covalent Attachment of Tags to Capture Histones and Identify Turnover) can 
be used to measure dynamics of native histones across the genome. Newly synthesized proteins 
(depicted with a lighter color and dashed outline) are labeled with a methionine analog. After 
isolating nuclei, the label can be biotinylated and purified via streptavidin. Stringent washing 
strips off all proteins except H3-H4 from the DNA, which can subsequently be analyzed by 
microarray or deep sequencing. Green and yellow triangles depict H3-H4; blue and purple 
arches depict H2A-H2B. C) In the inducible ectopic expression approach the protein of interest 
is expressed from the endogenous, constitutive gene and from a second ectopic gene that is 
under control of an inducible promoter. D) RITE (Recombination-Induced Tag Exchange) can be 
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Inducible expression of epitope-tagged histones

In budding yeast, several methods have been developed by which newly synthesized 

and old chromatin proteins can be distinguished by genetically encoded differentially 

labeled chromatin proteins. A frequently used approach involves the conditional 

expression of an ectopically expressed version of the protein of interest in the 

background of the endogenous untagged or differently tagged protein (Cheng 

and Gartenberg, 2000; Jamai et al., 2007; Linger and Tyler, 2006; Rufiange et al., 

2007; Schermer et al., 2005). This method, which typically involves an inducible 

promoter such as the galactose-inducible GAL1 promoter, has been particularly 

successful in combination with Chromatin Immuno Precipitation (ChIP) to map 

the incorporation of new chromatin proteins across the genome (Figure 1C). A 

drawback of the use of ectopically expressed histones is that the endogenously 

expressed copy represents a mixture of old and new proteins because of its ongoing 

synthesis. As a consequence, the endogenously expressed and induced histones will 

eventually reach a steady state. However, promoter shut-down strategies applied to 

the endogenous copy can overcome this limitation (Katan-Khaykovich and Struhl, 

2011). Another point of consideration is that the introduction of an extra copy can 

lead to overexpression, which in turn can lead to altered dynamics (Au et al., 2008).

Recombination-Induced Tag Exchange 

Another genetically encoded method that has been developed in budding yeast 

is RITE (Recombination-Induced Tag Exchange) (Verzijlbergen et al., 2010). RITE is 

a genetic pulse-chase assay that makes use of the site-specific Cre-recombinase 

to switch from an old tag to a new tag. DNA cassettes containing an epitope tag 

between two LoxP recombination sites and an orphan epitope tag downstream 

of the second LoxP recombination site can be targeted downstream of the gene 

of interest (Figure 1D). The LoxP sites can be induced to recombine by transient 

activation of Cre recombinase by adding the human hormone β-estradiol to the 

media. The recombination between the LoxP sites will result in a swap from the 

‘old’ tag to the orphan (‘new’) tag in the coding sequence, leading to an epitope 

tag switch at the protein level (Verzijlbergen et al., 2010). RITE has several strengths. 

The gene of interest is expressed from the endogenous promoter, the switch is 

permanent and does not involve complex promoter-induction/shut-down strategies, 

and old and new proteins can be monitored simultaneously. RITE has been used to 

map the exchange and inheritance of histone proteins in the yeast genome. Since 

used to measure protein dynamics by distinguishing between old and new protein expressed 
from the same gene. The first epitope tag is flanked by LoxP recombination sites and has a stop 
codon; the second epitope tag is located downstream of the second LoxP site.  Before inducing 
Cre recombinase, the protein will be tagged with the first epitope tag; after induction the first 
tag is removed and the newly synthesized proteins will have the second tag.

▶
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the recombination process can take several hours, RITE may be less suitable for 

proteins that have a very high turnover. However, RITE is a flexible method that 

can be applied to any protein of interest and combined with various downstream 

approaches. For example, RITE using fluorescent tag-switching has recently been 

employed to visualize the inheritance of organelles and macromolecular complexes 

in replicating yeast cells (Hotz et al., 2012; Menendez-Benito et al., 2012).

HISTONE ASSEMBLY, DEPOSITION, AND EXCHANGE
Since the discovery of the nucleosome, a lot of research has been done to unravel 

its composition and complexity, revealing that alongside the four canonical histones 

and their PTMs, histone variants exist that have specific functions and PTMs. Whereas 

canonical histones are deposited into the chromatin mainly during DNA replication, 

variants can replace the canonical forms by replication-independent mechanisms. In 

this section, we will give an overview of the histone deposition pathways, histone 

exchange, and canonical histone replacement by histone variants.

DELIVERING HISTONES TO CHROMATIN
Following the production of histones in the cytoplasm, they undergo a multi-step 

maturation process before they are translocated to the nucleus and incorporated 

into the chromatin. Several protein complexes work together to deliver the histones 

to the chromatin and to facilitate nucleosome assembly, whereby H3-H4 and 

H2A-H2B are controlled by distinct pathways (Figure 2).

Immediately after translation, histone H3 in mammalian cells is bound by HSC70, 

a heat shock chaperone that assists in the proper folding of a number of proteins. It 

has been suggested that this protein is the first to bind to H3 after translation because 

H3 bound to HSC70 is monomethylated at lysine 9 (K9me1), a mark that is found 

exclusively on newly synthesized H3 in human cells (Campos et al., 2010; Loyola et 

al., 2006). Also, there is a lack of chromatin-related modifications on H3 bound to 

HSC70 and H4 is not found in this complex (Campos et al., 2010). Newly synthesized 

histone H4 is found in another complex containing HSP70 and HSP90. In these early 

complexes, histone H3 and H4 are poly(ADP-ribosylated) (Alvarez et al., 2011). It has 

been hypothesized that the poly(ADP-ribosylation) mark is removed from H3 and H4 

when these proteins are brought together in a complex containing HSP90 and tNASP. 

In this complex H3K9me1 is still high and H4 in this complex is not yet acetylated 

(Campos et al., 2010). The H3-H4 dimer is subsequently handed down to another 

complex containing sNASP and the HAT1 histone acetyltransferase complex. In this 

complex histone H4 is acetylated on K5 and K12 (Campos et al., 2010). Next, the 

acetylated H3-H4 dimer is transferred to the nuclear import complex. It has been 

suggested that there are two different import complexes in human cells. Each complex 

associates with H3-H4 dimers, but with a different pattern of histone modifications, 

26



1

Histone exchange: sculpting the epigenome

and a different destination in the chromatin. One import complex contains importin-

4 and ASF1a. This complex binds to dimers that have H3K14 acetylation as well as 

H3K9me1 and H4K5K12ac (Alvarez et al., 2011). The second import complex contains 

importin-4 and ASF1b. This complex binds H3-H4 dimers containing H3K9me1 and 

H4K5K12ac (Alvarez et al., 2011). It has been suggested that these different sets of 

H3-H4 dimers determine the modification pattern the dimers will eventually have 

in the chromatin. H3K9me1 is necessary to establish H3K9me3 in heterochromatin, 

whereas H3K14ac is found in active chromatin (Alvarez et al., 2011). The negative 

crosstalk observed between H3K14ac and H3K9me1 supports the hypothesis that 

these two sets have different destinations (Alvarez et al., 2011). In budding yeast 

H3-H4 dimers are bound by the histone chaperone Hif1, which binds to the HAT1 

complex (and forms the NuB4 complex) that acetylates H4. The H3-H4 dimer is then 

handed down to the histone chaperone Asf1. Histone acetyltransferase Rtt109 can 

bind to Asf1 and acetylates H3K56, which is a hallmark of newly synthesized histone 

H3 (Verreault et al., 1996; Winkler et al., 2012). H3-H4 dimers are imported into the 

nucleus by Kap123, a member of the karyopherin/importin family (Avvakumov et al., 

2011; Mosammaparast et al., 2002b). 

In the nucleus, Asf1 hands H3-H4 dimers to factors that assemble them into 

tetrasomes or nucleosomes (Figure 3). These factors are the CAF-1 chromatin assembly 

complex and Rtt106 (Clemente-Ruiz et al., 2011; Fazly et al., 2012; Li et al., 2008). The 

transit of H3-H4 dimers is promoted by H3K56 acetylation, since this PTM increases the 

binding affinity of CAF-1 and Rtt106 with H3-H4. CAF-1 is implicated in replication-

coupled H3-H4 deposition since it binds to the replication-coupled H3.1 variant, but 

not the replication-independent H3.3 variant in metazoans (Tagami et al., 2004). Also, 

CAF-1 interacts with PCNA (Proliferating Cell Nuclear Antigen) (Green et al., 2005; 

Shibahara and Stillman, 1999; Su et al., 2012; Winkler et al., 2012). The transfer of 

H3-H4 dimers from Asf1 to CAF-1 involves structural changes that alter the binding 

affinity of the H3-H4 dimers: binding of Asf1-H3-H4 to the CAF-1 complex, containing 

RbAP48, causes a structural change in the conformation of the H3-H4 dimer, which leads 

to a decreased affinity of Asf1 for H3-H4 (Zhang et al., 2013). Interestingly, like Asf1, 

the CAF-1 complex only binds H3-H4 dimers, and not (H3-H4)2 tetramers, possibly due 

to a destabilized H3-H3 interface (Zhang et al., 2013).  However, CAF-1 can bind two 

H3-H4 dimers to form and deposit an H3-H4 tetramer onto the DNA (Liu and Churchill, 

2012; Winkler et al., 2012). It has been suggested that CAF-1 and DNA compete for 

binding to the H3-H4 tetramer and that efficient deposition of tetramers may require 

the action of ATP-dependent chromatin remodelers or post-translational modifications. 

For example, acetylation of H4K5 and K12 by HAT1 facilitates the dissociation of H3-H4 

tetramers from CAF-1. H3K56ac also plays a role in this part of the assembly line. 

Binding of H3-H4 tetramers to DNA is reduced by acetylation of H3K56, leading to 

unstable tetrasomes. However, once the H2A-H2B dimers are loaded, H3K56ac has no 

effect on nucleosome stability (Andrews et al., 2010; Watanabe et al., 2013). 
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Figure 2. Transport of new histones. Overview of factors involved in shuttling of histone 
proteins from the cytoplasm to the nucleus.

Histone H2A and H2B follow a different transportation route. H2A-H2B dimers 

are imported into the nucleus by Kap114 in association with Nap1 (Mosammaparast 

et al., 2002a). Kap114 is a karyopherin that binds to the NLS of H2A. In the nucleus, 

RAN-GTP binds to Kap114 and releases its cargo upon GTP hydrolysis. Nap1 

subsequently delivers H2A-H2B to chromatin for deposition (Mosammaparast et al., 

2002a). Nap1 also binds to H3-H4. However due to the higher affinity of the H3-H4 

for DNA, Nap1 readily deposits H3-H4 onto the DNA (Andrews et al., 2010). Similarly, 

Nap1 efficiently deposits H2A-H2B onto DNA containing H3-H4 tetramers and 

disfavors non-nucleosomal deposition of H2A-H2B on DNA (Andrews et al., 2010). 
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The FACT complex also plays a role in H2A-H2B deposition (Formosa et al., 

2001; Owen-Hughes and Gkikopoulos, 2012). FACT has been shown to be a 

chaperone for H2A-H2B and can facilitate nucleosome assembly but also binds to 

H3-H4 (Belotserkovskaya et al., 2003; Belotserkovskaya et al., 2004). It is unclear 

whether the displacement of H2A-H2B by FACT is direct or indirect, but it is clearly 

involved in altering chromatin structure during DNA replication (Wittmeyer and 

Formosa, 1997). Interestingly, human FACT interacts with the Mini Chromosome 

Maintenance complex (MCM) (Tan et al., 2006) and yeast FACT interacts with 

Replication Protein A (RPA) (VanDemark et al., 2006), supporting genetic studies 

that link FACT to DNA replication (Gambus et al., 2006; Okuhara et al., 1999; 

Schlesinger and Formosa, 2000; Tan et al., 2006) (Figure 3). 

REPLIC ATION-COUPLED HISTONE ASSEMBLY
Production and delivery of new histones peaks during S-phase, when not only DNA 

but also its packaging material is duplicated. Early studies on chromatin duplication 
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Figure 3. Dynamics of histones during replication. Overview of functions proposed for histone 
chaperones in dealing with histones during DNA replication.
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suggest that the existing, parental, nucleosomes are randomly distributed over the 

two daughter strands (Sogo et al., 1986). The gaps need to be filled with newly 

synthesized histones to maintain the same nucleosome occupancy as the parent cell 

(Alabert and Groth, 2012; Annunziato, 2005). Interestingly, random distribution 

of existing histones may not apply to all cell types. A recent study showed that 

preexisting canonical histone H3 is preferentially retained in male germline stem 

cells during asymmetric division, whereas the replicated DNA in the differentiating 

daughter cell was assembled in newly synthesized histones (Tran et al., 2012). 

This suggests that the stem cell maintains the epigenetic information and that the 

differentiated cell has to establish its epigenome de novo.

The replication fork is flanked by short stretches of 250-300 bp of naked DNA 

(Gasser et al., 1996; Sogo et al., 1986), indicating that DNA replication and chromatin 

assembly are tightly coordinated. The coupling between DNA replication and 

assembly of new histones is most likely facilitated by various interactions between 

replication proteins and chromatin assembly factors (Burgess and Zhang, 2013; Li 

et al., 2012). Interestingly, those interactions may also play a role in the reassembly 

of old histones following passage of the replication fork, as has been suggested for 

Asf1 (Groth et al., 2007). An Asf1-MCM complex has been described that binds 

to H3-H4 dimers harboring chromatin-associated histone modifications during 

replication stress, suggesting that Asf1 can deliver histones that were previously 

present in chromatin of the parental DNA (Groth et al., 2007). The histone chaperone 

NASP provides another mechanism to coordinate histone synthesis and supply with 

DNA replication. NASP controls the pool of soluble histones H3-H4 by regulating the 

activity of heat shock proteins Hsc70 and Hsp90, which direct H3-H4 for degradation 

by autophagy (Cook et al., 2011). Thereby, NASP prevents the accumulation of free 

histones and the possible negative consequences thereof during DNA replication 

stress or malfunctioning of Asf1. In budding yeast the checkpoint kinase Rad53 is 

involved in avoiding the buildup of soluble histones during misregulation of histone 

expression or replication stress. Rad53 phosphorylates excess histones (H3 and H4), 

which targets them for degradation by the proteasome (Gunjan and Verreault, 

2003; Singh et al., 2009; Singh et al., 2010). 

Early studies suggested that parental (H3-H4)2 tetramers are segregated as 

tetramers and not as dimers during DNA replication (Annunziato, 2005; Jackson 

and Chalkley, 1981; Leffak et al., 1977), suggesting that epigenetic information 

encoded on nucleosomes is not inherited equally by the two daughter cells. The 

identification of histone chaperones bound to H3-H4 dimers (Asf1, HIR complex) 

led to the suggestion that histone H3-H4 tetramers might segregate as dimers and 

mix with newly synthesized H3-H4 proteins (Ray-Gallet et al., 2011; Tagami et al., 

2004). Splitting of nucleosomes or tetramers could provide a mechanism to transmit 

epigenetic information to both daughter strands for PTMs that are present on each of 

the two copies of the respective modified histone protein. Recent studies suggest that 
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tetramer splitting can indeed occur, but is restricted to a small subset of nucleosomes 

and is not associated with DNA replication. In mammalian cells tetramers of canonical 

H3-H4 do not split, whereas a small fraction of H3.3-H4 tetramers are present as 

mixed (old+new) tetramers through replication-independent nucleosome assembly 

(Huang et al., 2013; Xu et al., 2010). In budding yeast tetramer splitting only occurs 

at highly active genes undergoing high levels of replication-independent histone 

exchange (Katan-Khaykovich and Struhl, 2011).  These findings are in line with 

biochemical studies showing that chromatin assembly factors CAF-1 and Rtt106 

deposit H3-H4 tetramers (Su et al., 2012; Winkler et al., 2012).

REPLIC ATION-INDEPENDENT HISTONE ASSEMBLY: EXCHANGE
Although DNA replication in S-phase represents the major pathway of histone 

deposition, histones can also be disassembled and re-assembled by replication-

independent mechanisms, leading to histone turnover or exchange. Indeed, histone 

synthesis peaks during S-phase, but canonical histones are also substantially 

expressed outside S-phase. Moreover, variants of the canonical histones are typically 

expressed and assembled throughout the cell cycle. Variant histones do not generally 

use the assembly routes of canonical histones. Instead, each variant has dedicated 

chaperones, providing opportunities for differential regulation of the different 

assembly processes. Importantly, replication-independent histone exchange and 

deposition of histone variants can influence DNA accessibility and stability of histone 

PTMs and has been linked to critical cellular processes such as gene regulation, 

development, oncogenic transformation, and nuclear reprogramming. 

Replication-independent deposition of histone H3.3

In metazoans, deposition of canonical H3 is restricted to S-phase. In contrast, histone 

H3 variant histone H3.3 is expressed throughout the cell cycle and incorporated by 

replication-independent mechanisms (Ahmad and Henikoff, 2002). In Drosophila, H3.3 

is assembled into chromatin in promoters, transcribed regions, and regulatory regions 

(Mito et al., 2005; Teves et al., 2012). A similar profile has been described in Arabidopsis 

(Stroud et al., 2012). These patterns are consistent with the idea that deposition of 

H3.3 is linked to disruption of chromatin by the act of transcription. In mammals, H3.3 

is deposited mainly in promoter regions of active and silent genes (Chow et al., 2005) 

and is also found in regulatory regions (Ray-Gallet et al., 2011) and telomeric and 

centromeric regions (Goldberg et al., 2010; Wong et al., 2009). Three dedicated H3.3 

chaperones have been described: HIRA, Daxx/ATRX and DEK (Campos et al., 2010; 

Drané et al., 2010; Elsaesser and Allis, 2010; Sawatsubashi et al., 2010; Tagami et al., 

2004). HIRA is responsible for depositing H3.3 in euchromatic regions. It has been 

proposed to act by a gap-filling mechanism at regions where canonical H3 is absent. 

Daxx/ATRX mediates H3.3 deposition in heterochromatic regions while DEK may target 
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H3.3 to specific regulatory regions (Campos et al., 2010; Drané et al., 2010; Elsaesser 

and Allis, 2010; Goldberg et al., 2010; Sawatsubashi et al., 2010; Wong et al., 2009). 

H3.3 deposition by HIRA is promoted by phosphorylation of histone H4S47 (histone H4 

serine 47), which is catalyzed by the kinase PAK2. This phosphorylation event acts by 

increasing the binding affinity of HIRA for H3.3-H4 and reducing the binding of CAF-1 

with H3-H4 (Kang et al., 2011).

Replication-independent deposition of histone H3 in yeast

Unlike higher eukaryotes, yeast only has a canonical H3 and lacks H3 variants, with 

the exception of the centromere-specific H3 variant Cse4. However, the one histone 

H3 protein is involved in replication-dependent deposition as well as replication-

independent exchange. Several studies in yeast showed that histone H3 is a dynamic 

entity in chromatin and that resident histone H3 molecules can be evicted and replaced 

by new histones in-trans upon activation and subsequent inactivation of inducible 

genes (Boeger et al., 2003; Rando and Winston, 2012; Reinke and Hörz, 2003; 

Schermer et al., 2005). This model system has uncovered roles for Asf1, Spt6, Spt16 

(FACT), the HIR complex, Rtt106, H2B ubiquitination, Chd1, and the proteasome 

in reassembling chromatin in the wake of RNA polymerase (Fleming et al., 2008; 

Imbeault et al., 2008; Ivanovska et al., 2011; Jamai et al., 2009; Kim et al., 2007; Lee 

et al., 2012; Ransom et al., 2009; Schwabish and Struhl, 2006). Using inducible copies 

of tagged histones (as described above) the process of histone exchange in yeast has 

subsequently been delineated in fine detail. It was first shown in fission yeast that 

replication-independent exchange occurs preferentially in euchromatic regions (Choi 

et al., 2005). These findings are in agreement with studies in budding yeast, which 

showed high levels of transcription-independent histone exchange in gene promoter 

regions, as well as transcription-dependent exchange of H3 in coding regions and 

boundary-associated regions (Dion et al., 2007; Jamai et al., 2007; Rufiange et al., 

2007). While there is a relationship between replication-independent H3 exchange 

and RNA polymerase density in coding regions, genes with the same transcription 

rate can still have different amounts of H3 exchange. The amount of exchange that is 

not explained by transcription rate has been referred to as relative exchange (Gat-Viks 

and Vingron, 2009), a feature that describes gene-specific rather than transcription-

related effects. A critical gene-specific feature is the type of promoter that drives 

the expression of a coding sequence: histone exchange in coding regions is higher 

in regulated or inducible genes (also called stress genes) than in constitutive genes 

(also called growth genes or housekeeping genes) (Dion et al., 2007; Jamai et al., 

2007; Radman-Livaja et al., 2011; Rufiange et al., 2007). Whereas growth genes are 

typically regulated by TFIID, have no canonical TATA boxes, and contain promoters 

with highly organized nucleosomes flanking a nucleosome depleted region, stress 

genes are typically dependent on SAGA, have canonical TATA boxes, and show a 

non-stereotypical nucleosome organization around the transcription start site (Rando 
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and Winston, 2012). It has been suggested that the differences in histone exchange 

may be related to the bursty nature of transcription of stress genes (Dion et al., 2007; 

Jamai et al., 2007; Radman-Livaja et al., 2011; Rufiange et al., 2007). 

In yeast, histone exchange has also been studied by using the RITE genetic pulse-

chase assay (Verzijlbergen et al., 2010). Using this assay, H3 exchange has been 

detected in cells arrested in G1, G2/M, and starvation conditions. Upon exit from 

starvation, yeast cells show extensive replication-independent histone exchange across 

the genome, suggesting large scale epigenetic remodeling.  A major determinant of 

H3 exchange is transcription. Active genes display a higher replication-independent 

exchange in their promoter and coding regions than inactive genes (Verzijlbergen 

et al., 2010). The RITE assay does not only allow the following of newly synthesized 

histones, but also the following of the old histones. Radman-Livaja et al. investigated 

the retention of old, ancestral histones over many cell generations in a genome-wide 

manner (Radman-Livaja et al., 2011). In replicating yeast cells, H3 is preferentially 

retained at the 5’ end of long lowly transcribed genes. A model that has been 

proposed to explain the ancestral H3 patterns contains three components: 1) histone 

exchange, which is higher in promoter regions than in ORFs; 2) lateral movement 

of the histones towards the 5’ end, called ‘passback’ (possibly due to the passing 

of the transcription machinery); 3) spreading of the histones via dissociation and re-

association during replication (Radman-Livaja et al., 2011). 

Several recent studies in yeast have already uncovered some of the mechanisms 

and functions of histone exchange (Figure 4). In yeast, newly synthesized H3 is 

acetylated at K56 by Asf1/Rtt109, and regions of the genome with high H3 exchange 

show enrichment for this modification. Deletion of Rtt109 or Asf1 or mutation of 

H3K56 reduce histone exchange rates in coding sequences (Kaplan et al., 2008; 

Rufiange et al., 2007; Schwabish and Struhl, 2006; Smolle et al., 2012; Venkatesh 

et al., 2012). The chromatin assembly factor Rtt106 associates with coding regions, 

binds H3K56 acetylated histones, and also promotes histone exchange in transcribed 

regions (Imbeault et al., 2008). H3K56ac has intimate connections to another PTM 

on histone H3. Methylation of histone H3K36 by Set2 represses histone exchange by 

disfavoring the interactions of histone H3 with chaperones Asf1, Spt16 (FACT) and 

Spt6 (Venkatesh et al., 2012). In a set2Δ mutant, where no H3K36 methylation is 

present, replication-independent histone exchange, H3K56ac (a hallmark of new H3) 

and H4ac are all increased over ORFs. Disrupting histone exchange by deleting Asf1 or 

Rtt109 in the set2Δ background decreases this accumulation of acetylation, thereby 

establishing histone exchange as a way to load pre-acetylated histones onto ORFs 

in the absence of Set2-mediated H3K36me  (Venkatesh et al., 2012). Interestingly, 

H3K36me also recruits and/or activates the Rpd3S histone deacetylase complex to the 

3’ end of coding regions. Therefore, Set2/H3K36me keeps acetylation in transcribed 

regions low by two mechanisms: it prevents the assembly of new, pre-acetylated 

histones and it recruits an active deacetylase complex to reset co-transcriptional 
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acetylation events. This cleaning up of chromatin in the wake of transcription is 

required to prevent the firing from cryptic promoters in coding regions. H3K36me 

has more functions in histone exchange because it also recruits the Isw1b chromatin 

remodeler to coding regions, which together with the remodeler Chd1 prevents 

histone exchange (Radman-livaja et al., 2012; Smolle et al., 2012), especially at long 

lowly transcribed genes. By combining RITE with a barcode-screen called Epi-ID, 

several other histone exchange factors have been identified. Whereas Gis1 and 

Nhp10 are negative regulators, Hat1 and its partners Hat2 and Hif1, which together 

form the NuB4 complex, are positive regulators of histone exchange (Verzijlbergen 

et al., 2011). Whether the NuB4 complex affects histone exchange via acetylation of 

new histones on H4K5K12 remains to be established. 

The HIR complex in yeast has been suggested to reassemble H3 in cis (Kim et al., 

2007) (Figure 4). The HIR complex is a conserved key player in histone exchange. 

In higher eukaryotes the HIRA complex deposits H3.3 (Pchelintsev et al., 2013; 

Rai and Adams, 2012; Tagami et al., 2004). In yeast, it was initially identified as a 

histone chaperone complex (containing Hir1-3 and Hpc2) involved in regulation of 

histone gene expression, but is also involved in replication-independent nucleosome 

assembly (Green et al., 2005; Kim et al., 2007; Lopes da Rosa et al., 2011; Silva et 

al., 2012). Interestingly, also the replication-coupled nucleosome assembly complex 

CAF-1 has been shown to affect histone exchange (Lopes da Rosa et al., 2011). 

FACT (Facilitate Chromatin Transcription) plays a complex role in nucleosome 

dynamics during transcription.  In yeast, the FACT complex contains two proteins, 

Spt16 and Pob3, aided by a third protein that is involved in DNA binding and contains 

a HMG-box-like structure, Nhp6 (Formosa et al., 2001). In mammalian cells, FACT 

consists of only two proteins, Spt16 and SSRP1, where the last protein contains an 

HMG-box for DNA binding (Belotserkovskaya and Reinberg, 2004). FACT travels along 

with RNA polymerase during transcription (Orphanides et al., 1999). It was first shown 

that FACT can displace one H2A-H2B dimer from the nucleosome, thereby creating a 

hexasome (Belotserkovskaya et al., 2003). RNA polymerase can transcribe through this 

hexasomal structure (Kulaeva et al., 2010), however Kulaeva et al. show that multiple 

closely spaced RNA polymerases will evict the hexasome from the DNA (Kulaeva et al., 

2010). It has also been shown that FACT can act in the opposite way, reassembling the 

nucleosome in the wake of RNA polymerase (Fleming et al., 2008; Formosa, 2011). In 

histone exchange studies no increase in H2B exchange has been observed, while H3 

exchange increased in the Spt16 deletion mutant (Jamai et al., 2009). This raises the 

hypothesis that old H3 might be reassembled into nucleosomes by FACT. In human 

cells Spt16 is recruited by H3K36 methylation by Set2D (Carvalho et al., 2013). Upon 

transcriptional activation Set2D methylates H3K36, which recruits FACT and leads to a 

decrease in H2B occupancy. Thus, Set2D and FACT seem to work together to reassemble 

nucleosome after RNA polymerase has passed, thereby preventing transcription from 

cryptic promoters within coding regions (Carvalho et al., 2013).
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Replication-independent deposition of histone H4 and H2B

Using variants of the inducible expression strategy, extensive replication-independent 

histone exchange has been observed for histone H4 and H2B in budding yeast 

(Jamai et al., 2007; Linger and Tyler, 2006). A comparison of the behavior of H3 

and H2B suggests that the rate of exchange of H2B is higher than that of H3 and 

occurs equally in coding regions and promoters (Jamai et al., 2007). This finding 

is in agreement with the biochemical properties of the nucleosome, in which the 

H3-H4 tetramer forms a stable complex and from which the H2A-H2B dimers 

readily dissociate under conditions of high ionic strength or after passage of RNA 

polymerase (Hansen, 2002; Kulaeva et al., 2010). Recent in vitro transcription studies 

have implicated the H2A-H2B chaperone Nap1 and the nucleosome remodeling 

complex RSC (Remodels Structure of Chromatin) in nucleosome dynamics during 

transcription. RSC displaces a whole nucleosome and facilitates elongation by RNA 

polymerase. Nap1 assists RSC in promoting transcription through a nucleosome. Its 

positive effect on transcription coincides with the capturing of an H2A-H2B dimer, 

allowing RSC-dependent transcription to proceed through a hexasome and partially 

retaining chromatin architecture (Kuryan et al., 2012). 

Exchange of other histone types

Although most research has been directed at histone H3 exchange in yeast or at the 

replacement of histone H3.1 for the replication-independent variant H3.3 in multicellular 

organisms, histone H2A also undergoes exchange and can be replaced by a range of 

variant histones. Here we briefly summarize the findings on exchange of histone H2A.

Replacement of H2A by H2A.Z

Histone H2A.Z is the major variant of H2A. This variant is common for all 

eukaryotes, and the high sequence conservation suggests that it arose early in 

evolution (Kusch and Workman, 2007; Skene and Henikoff, 2013). H2A.Z has 

been linked to a wide range of functions, including transcriptional activation, 

repression, and chromosome segregation. H2A.Z is localized at promoters, where 

it is believed to maintain a dynamic or accessible chromatin structure. In addition, 

H2A.Z might have an important role at the boundaries between heterochromatin 

and euchromatin (Kusch and Workman, 2007; Venkatasubrahmanyam et al., 

2007). Structural studies have shown that nucleosomes containing H2A.Z have an 

extended acidic patch on the nucleosome core surface. Incorporation of H2A.Z is 

believed to make the nucleosome more unstable; however, results from in vitro 

studies are contradictory (Kusch and Workman, 2007; Watanabe et al., 2013). It 

has been proposed that nucleosomes containing both variants H3.3 and H2A.Z 

are very unstable and may in fact be lost during conventional chromatin extraction 

methods (Jin et al., 2009). Methods that preserve H3.3-H2A.Z nucleosomes show 

that double variant nucleosomes are predominantly located in the NDR of TSSs 
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of active promoters, enhancers, and insulator regions. Jin et al. suggest that the 

region around the TSS is most of the time occupied, either by transcription factors, 

or by double variant nucleosomes, and only at the transition between those two a 

‘nucleosome-free’ region will appear (Jin et al., 2009).  

H2A.Z is incorporated by dedicated complexes (Figure 5). Two chaperones have 

been identified for H2A.Z, Nap1, which is also a chaperone for H2A-H2B, and 

Chz1, which seems to be a chaperone exclusively for H2A.Z-H2B (Billon and Côté, 

2012; Luk et al., 2010; Straube et al., 2010). In the cytosol, Nap1 associates with 

H2A.Z-H2B dimers (as well as H2A-H2B dimers) and shuttles them into the nucleus. 

In the nucleus, Nap1 hands the H2A.Z-H2B dimer to the SWR1 (SWI/SNF Related) 

complex (SWR-C). Chz1 has been shown to bind to H2A.Z in the nucleus, and is 

also able to deliver H2A.Z to the SWR-C (Straube et al., 2010). The deposition of 

H2A.Z has been proposed to be replication-independent (Svotelis et al., 2010). A 

recent study in mouse trophoblast stem cells is in agreement with this idea. This 

Figure 4. Histone traffic during transcription. Overview of functions proposed for histone 
chaperones and remodeling factors in dealing with histones during transcription and the 
crosstalk with histone PTMs. 
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study revealed changes in the composition and abundance of H2A.Z-containing 

nucleosomes during the cell cycle (Nekrasov et al., 2012) and suggests that new 

H2A.Z in promoter regions is not assembled during S-phase but after completion 

of mitosis (Nekrasov et al., 2012). SWR-C incorporates H2A.Z in a stepwise manner, 

replacing one H2A-H2B dimer at the time (Luk et al., 2010). This can lead to the 

existence of heterotypic nucleosomes containing one H2A and one H2A.Z (Luk et al., 

2010; Nekrasov et al., 2012). Heterotypic nucleosomes might be more unstable than 

homotypic nucleosomes (H2A.Z only or H2A only), as crystal structure analyses also 

suggest (Henikoff, 2009; Suto et al., 2000). The activity of the SWR-C in the genome 

is increased when the tails of H2A or H4 are acetylated (Altaf et al., 2010; Ishibashi et 

al., 2009; Shia et al., 2006). Acetylation of H2A and H4 in yeast is performed by the 

NuA4 complex (Altaf et al., 2010; Keogh et al., 2006); in the absence of a functional 

NuA4 complex, nucleosomal H2A.Z decreases in yeast. In yeast, the SWR-C is the 

only known H2A.Z assembly factor. In mammalian cells, H2A.Z assembly is carried out 

by two complexes: TIP60/P400 and SCRAP. The TIP60/P400 complex has an intrinsic 

acetylation ability for the tails of H2A and H4, and this is necessary for incorporation 

of H2A.Z. The SCRAP complex, however, is able to incorporate H2A.Z without the 

Figure 5. Pathways for the replacement of H2A and H2A.Z. Role of chaperones and remodelers 
in the nuclear import, deposition, and eviction of H2A.Z.
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need for H2A and H4 acetylation (Altaf et al., 2010). The SWR-C incorporates H2A.Z 

in the promoter regions of most genes in yeast. It has been proposed that SWR-C 

incorporates H2A.Z by default, resulting in H2A.Z incorporation around promoter 

sites and into gene bodies and that H2A.Z is removed from non-promoter regions by 

the INO80 complex (INO80-C) (Papamichos-Chronakis et al., 2011). INO80-C, which 

is closely related to SWR-C, is involved with the exchange of H2A.Z by canonical 

H2A, thereby opposing the action of SWR-C. The specificity of H2A.Z localization 

also involves its acetylation. Acetylation of H2A.Z in yeast occurs on the N-terminal 

tail and is carried out by NuA4 and SAGA histone acetyltransferase complexes and 

reversed by Hda1 (Babiarz et al., 2006; Ishibashi et al., 2009; Keogh et al., 2006; 

Lin et al., 2008; Mehta et al., 2010; Millar, 2006). H2A.Z is acetylated in promoter 

regions and INO80-C preferentially removes unacetylated H2A.Z form the DNA. In 

the absence of INO80-C, unacetylated H2A.Z aberrantly accumulates, which has a 

negative effect on DNA damage repair and replication fork stability (Papamichos-

Chronakis et al., 2011). Finally, the chromatin-remodeler Fun30 contributes to H2A.Z 

positioning; deletion of Fun30 leads to a redistribution of H2A.Z from promoters to 

coding regions (Durand-Dubief et al., 2012). 

Interestingly, the specificity of SWR-C for H2A.Z is under control of multiple levels 

of trans-histone crosstalk. Whereas in unmodified nucleosomes SWR-C is activated 

by DNA-bound H2A, in nucleosomes containing H3K56ac, SWR-C is also activated 

by H2A.Z and exchanges the variant for H2A (Watanabe et al., 2013). This finding 

and previous findings strongly link H2A.Z to exchange of histone H3 in yeast: 1) 

exchange of histone H3 leads to incorporation of H3 pre-acetylated on K56, 2) 

H3K56ac promotes turnover of H3 in promoter nucleosomes, 3) H3K56ac reverses 

the substrate-specificity of SWR-C, leading to removal of H2A.Z, and 4) H2A.Z 

enhances turnover of histone H3 in promoter-proximal nucleosomes. A model has 

been proposed in which an H3K56ac nucleosome may be subject to multiple rounds 

of SWR-C-catalyzed exchange of H2A and H2A.Z, and this rapid H2A-H2B/H2A.Z-H2B 

dimer exchange might promote H3-H4 exchange (Watanabe et al., 2013). 

Other H2A variants

H2A.X is a variant of H2A that is present throughout the genome and involved in DNA 

double strand break (DSB) repair. Yeast does not encode H2A.X but uses canonical H2A 

instead. When a DSB occurs, H2A.X is quickly phosphorylated (γ-H2A.X). After repair, 

γ-H2A.X is replaced by non-phosphorylated H2A.X (Kusch and Workman, 2007). No 

specific deposition factors have been described for H2A.X to date but FACT has been 

found to bind to H2A.X (Skene and Henikoff, 2013). A quickly evolving variant of H2A 

has been discovered about ten years ago (Chadwick and Willard, 2002). This variant, 

called H2A.Bbd (Barr body deficient), only exists in mammals and not in invertebrates. 

H2A.Bbd is enriched in active gene bodies, and excluded from the inactive X 

chromosome, suggesting a role in transcription. It has also been suggested that H2A.
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Bbd is involved in mRNA processing, although it is unclear if this involvement is direct 

or indirect (Tolstorukov et al., 2012). It has been shown that nucleosomes containing 

H2A.Bbd are less stable than nucleosomes containing canonical H2A (Gautier et al., 

2004). This could be because nucleosomes containing this shorter variant of H2A wrap 

only about 120bp, leaving more DNA accessible for the binding of transcription factors. 

In agreement with the finding that H2A.Bbd-containing nucleosomes are less stable, 

it was found using FRAP, that exchange of H2A.Bbd is faster than H2A exchange  

(Gautier et al., 2004). Mouse H2A variant H2A.Lap1 may also act to destabilize 

nucleosome organization (Soboleva et al., 2012). Another variant of H2A, macroH2A 

is mainly found on the inactive X chromosome and near the promoters of inactive 

genes, suggesting that this variant is involved in gene repression (Gamble and Kraus, 

2010). Exchange mechanisms of this variant are currently unknown. 

OUTLOOK
It is becoming clear that the nucleosome is a very dynamic structure that is much more 

than a structural packaging mechanism for eukaryotic DNA. Histone proteins within 

the nucleosome are being modified by numerous PTMs on numerous residues and 

canonical histones can be replaced by variants. These variations on the nucleosome 

can influence chromatin structure and function in many ways. Indeed, histone variants 

have been linked to a diverse set of functions (Skene and Henikoff, 2013). However, 

important functions are also emerging for the act of histone exchange itself.

Replication-independent histone exchange provides an important mechanism 

to maintain epigenome integrity in non-replicating cells (Ray-Gallet et al., 2011; 

Skene and Henikoff, 2013). It allows the cell to replace histones that are evicted by 

transcription or repair and thereby repair disrupted chromatin structures. This may 

explain why histone H3.3 accumulates in terminally differentiated non-replicating 

rat neurons (Piña and Suau, 1987). However, histone exchange may not go without 

consequences since it leads to loss of existing PTMs and deposition of histones 

containing PTMs associated with newly synthesized histones. In fact, histone 

exchange may provide the cell with a mechanism to remove damaged histones or 

histones containing certain PTMs. Several recent studies support the idea that histone 

dynamics and histone PTMs can influence each other. One example is methylation 

of H3K79 by Dot1. No H3K79 demethylases have been identified, suggesting that 

removal of this PTM requires dilution of modified histones by replication-coupled 

or –independent mechanisms.  Indeed, H3K79me3 levels increase when yeast cells 

grow slower and aged histones have higher average levels of H3K79me3 than 

young histones (De Vos et al., 2011). When examined in the epigenome, H3K79me3 

positively correlates with inheritance of ancestral histones in replicating cells and 

negatively correlates with histone exchange and relative exchange levels (Radman-

Livaja et al., 2011). Together, these findings strongly indicate that histone exchange 
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and inheritance fine-tune the H3K79me landscape laid down by Dot1. The observed 

slow buildup of H3K79me3 over successive generations also challenge models that 

propose that histone PTMs are rapidly copied following DNA replication to maintain 

epigenetic states of the parental cell.

Rapid exchange of histones in promoter regions is incompatible with the idea that 

cells transmit epigenetic information by passing on histones with specific PTMs. An 

alternative model proposes that histone exchange might perpetuate active or silent 

gene expression states by increasing or decreasing accessibility to sequence-specific 

binding proteins (Deal et al., 2010). Histones in coding regions are more stable than 

promoter histones and may therefore provide better opportunities for epigenetic 

memory mechanisms. However, tracking ancestral histone H3 in replicating yeast 

cells suggests that histone H3 does not associate with the exact same locus as where 

it came from prior to DNA replication (Radman-Livaja et al., 2011). This argues 

against inheritance of chromatin state at a single nucleosome resolution, but rather 

suggests that inheritance can occur in multi-nucleosome domains (Radman-Livaja et 

al., 2011). The fact that less exchange is observed in yeast coding regions does not 

mean that the chromatin in coding regions is less disrupted. It cannot be excluded 

that histones are evicted and recycled, a process that remains undetected with most 

assays that measure histone dynamics. For example, under conditions of replication 

stress, Asf1-bound H3-H4 dimers have been found to carry modifications that are 

associated with chromatin (Avvakumov et al., 2011), suggesting a recycling function 

of this chaperone. In yeast, the HIR complex has been found to be associated with 

old, chromatin-derived H3-H4 (Kim et al., 2007). 

The rapid exchange seen at promoters could transiently expose otherwise 

occluded transcription factor binding sites or it could influence the outcome of 

a transcription factor binding event. An important example is provided by the 

transcriptional regulator Rap1. Mapping of Rap1 dynamics by applying the inducible 

expression strategy to Rap1 has shown that long Rap1 residence correlates much 

better with transcriptional activation than steady-state levels of Rap1 binding 

(Lickwar et al., 2012). Fast Rap1 turnover is linked with low transcriptional output. 

Moreover, long Rap1 residence time correlates with slow H3 exchange (Lickwar 

et al., 2012). This finding suggests that nucleosomes and transcription factors 

dynamically compete for DNA binding and opens up the possibility that histone 

exchange influences the transcriptional output of a transcription factor binding 

event. Systematic measuring of the dynamics of chromatin proteins and regulators 

and the identification of histone exchange factors and mechanisms will be critical to 

determine in future studies how chromatin protein dynamics and histone exchange 

influence the epigenetic landscape, gene regulation, and epigenetic inheritance. 

Although the mechanisms and functions of histone exchange are not yet fully 

understood, recent studies indicate that histone H3.3 deposition is involved in 

key cellular processes such as epigenetic reprogramming and cancer development 
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(Filipescu et al., 2013). A large fraction of human pancreatic neuroendocrine tumors 

(PanNETs) has been found to harbor mutations that inactivate ATRX and Daxx.  

Based on the telomere disfunctioning observed in these tumor cells, it has been 

proposed that loss of ATRX/Daxx activity and deposition of H3.3 at telomeres leads 

to telomere destabilization (Heaphy et al., 2011). In human pediatric glioblastomas, 

driver mutations in ATRX/Daxx have been found as well as mutations in the H3.3 

gene itself (Schwartzentruber et al., 2012; Sturm et al., 2012). Interestingly, some 

of the glioblastoma driver mutations in H3.3 reduce global H3 methylation levels 

in cells by inhibition of SET-domain enzymes, suggesting that the mutant H3.3 

proteins act in a dominant manner to also influence canonical H3 (Lewis et al., 

2013). Finally, replication-independent deposition of H3.3 by HIRA has recently been 

found to be important for transcriptional reprogramming of nuclei transplanted 

to Xenopus oocytes. During reprogramming, H3.3 deposition occurs in regulatory 

regions, among which that of Oct4, which may destabilize chromatin and facilitate 

a shift to different epigenetic states (Jullien et al., 2012). Together, these studies 

demonstrate that histone exchange is a novel layer of epigenetic control with key 

roles in important cellular processes.
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NE WS ABOUT OLD HISTONES
A role for histone age in controlling the epigenome

Histone modifications are controlled by modifying and demodifying enzymes. As a 

consequence, the epigenome is controlled by factors that regulate (de)modifying 

enzyme activity and targeting. Recent studies point to histone age as another 

factor that can influence histone modification patterns, particularly when histone 

demodifying activity is low or absent. 

Lysine 79 of histone H3 (H3K79), located on the structured part of the nucleosome 

core, is mono-, di-, and trimethylated by Dot1 (Frederiks et al., 2011). This modification 

is conserved from protozoans to humans (possibly with a few notable exceptions such 

as A. thaliana and S. pombe) and has been implicated in various chromatin-mediated 

processes such as regulation of transcription and DNA damage response (Frederiks et 

al., 2011; Nguyen and Zhang, 2011). Unlike other histone lysine methyltransferases, 

Dot1 does not have a SET domain and unlike most studied SET enzymes Dot1 performs 

multiple methylation by a non-processive or distributive mechanism (Figure 1A) 

(Frederiks et al., 2008). As a consequence, the methylation marks written by SET 

enzymes and Dot1 are expected to show different kinetics in vivo. 

To explore this possibility, in Chapter 5 a mathematical model was built for in 

vivo methylation of H3K79 in budding yeast, using quantitative mass spectrometry 

measurements of the different H3K79 methylation states of bulk histones and 

taking into account growth rate and Dot1 levels (De Vos et al., 2011). This model 

was validated by analyzing the conserved mechanism of histone cross-talk between 

histone H2B ubiquitination (H2Bub) and H3K79 methylation. Since in the absence of 

H2Bub mainly H3K79me3 is lost in yeast, it is tempting to conclude that specifically 

the last methylation step is compromised. The mathematical model, however, 

could only reproduce the observed methylation pattern if all three methylation 

events were compromised; slowing down all three transitions eventually led to low 

H3K79me3, while lower methylation states were still present. This finding could be 

confirmed by genetic epistasis experiments (De Vos et al., 2011). 

Given that demethylases for H3K79 have not been reported for yeast, the 

mathematical model also predicted that negative regulation of H3K79 methylation 

is mainly achieved by histone dilution due to replication-dependent deposition of 

unmethylated histones (Figure 1A) (De Vos et al., 2011). Indeed, extending the 

time between replication events by slowing down cell-cycle progression led to 

a further accumulation of methyl groups on H3K79. Next, a novel genetic pulse 

chase method (Recombination-Induced Tag Exchange or RITE) was employed to 

biochemically purify histone proteins of different average age from non-aging 

mid-log cells. Enrichment for histones synthesized several generations beforehand 

led to higher levels of H3K79 methylation, suggesting that methylation accumulates 

over multiple cell generations (Figure 1B)(Chapter 5 published as (De Vos et al., 
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2011)). Studies using SILAC isotope labeling as a pulse-chase method obtained 

similar results for human Dot1 (Sweet et al., 2010; Zee et al., 2010). Together, 

these studies suggest that H3K79 methylation is dynamic and does not reach a 

steady state in replicating cells. In addition, the methylation state of the maternal 

cell is not rapidly re-established after DNA replication in the two daughter cells, 

arguing against a simple epigenetic copy mechanism. The ongoing accumulation of 

methylation on old histones depends on the absence of a H3K79 demethylase. In 

line with this, computational models constructed to explain the existence of a stable 

methylation state on other histone residues suggest that rapid re-establishment of 

a maternal methylation pattern in the two daughter cells requires the combined 

action of a methylase and a demethylase (Angel et al., 2011; Dodd et al., 2007). 

1 div 

2 div 

3 div 

histone age 
(generations) 
0 1 2 3 

pulse 
chase cell  

divisions 

me0 me1 me2 me3 

Dot1 

dilution by  
cell division  

A 

B 

nucleosome 

methylation 

Figure 1. Buildup of methylation on the nucleosome core. (A) Dot1 mono-, di- and 
trimethylates histone H3K79 (red dots) on nucleosomes (grey circles) by a non-processive 
mechanism. H3K79 methylation is counteracted by dilution of (modified) histones due to cell 
growth and division. (B) Pulse chase analysis shows that H3K79 methylation accumulates on 
aging histones in a replicating cell (for each cell division only one of the two daughter cells 
is shown). During cell division each daughter cell inherits approximately one half of all old 
(modified and unmodified) nucleosomes from the parental cell. The other half is replaced by 
new unmodified histones (dashed yellow circles).
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If H3K79 methylation is unlikely to be involved in epigenetic copy mechanisms, 

what is the biological role of this dynamic and variable mark that accumulates 

on aging histones? By analogy to models proposed for multi-site phosphorylation 

(Salazar et al., 2010), H3K79 methylation may act as a molecular timer that couples 

cell-cycle progression to changes in the epigenome. The observation that gene 

silencing can be affected by cell-cycle progression in a Dot1-dependent manner (De 

Vos et al., 2011) provides support for this hypothesis, but additional experiments 

are needed to determine whether this is a general concept. 

Where are the old histones in the genome? The age of histones in the genome 

is not only determined by cell-cycle progression but also by histone mobility and 

replication-independent histone turnover. Using the RITE pulse-chase method, the 

location of old histones was monitored in replicating yeast cells during several cell 

divisions (Radman-Livaja et al., 2011). Interestingly, old histones are not randomly 

distributed but pile up at specific loci, in particular at the 5’ ends of coding 

regions of long genes undergoing low to intermediate levels of transcription. A 

mathematical model suggests that the location of old histones can be explained 

by three parameters: 1) replication-independent histone turnover, 2) passback of 

histones from the 3’ to the 5’ end of coding regions by RNA polymerase II, and 

3) some diffusion of nucleosomes during DNA replication (Radman-Livaja et al., 

2011). In agreement with the analyses of bulk histones, the position of old histones 

in the genome correlates with the position of high levels of H3K79me3 (Radman-

Livaja et al., 2011; Schulze et al., 2009). 

In summary, independent approaches that take into account the dynamic behavior 

of histones and their modifications reveal that histones of different age can have 

different biochemical properties and locations. This opens up the intriguing possibility 

that the epigenome can be influenced not only by modifying and demodifying 

enzymes but also by factors that affect the average histone age in the cell as well as 

by factors that determine the location of aging histones in the genome. 
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ABSTR AC T
Proteins are not static entities. They are highly mobile and their steady state levels 

are achieved by a balance between ongoing synthesis and degradation. The dynamic 

properties of a protein can have important consequences for its function. For 

example, when a protein is degraded and replaced by a newly synthesized one, post-

translational modifications are lost and need to be reincorporated in the new molecules. 

Protein stability and mobility are also relevant for duplication of macromolecular 

structures or organelles, which involves coordination of protein inheritance with the 

synthesis and assembly of newly synthesized proteins. To measure protein dynamics 

we recently developed a genetic pulse-chase assay called Recombination-Induced 

Tag Exchange (RITE). RITE has been successfully used in Saccharomyces cerevisiae 

to measure turnover and inheritance of histone proteins, to study changes in post-

translational modifications on aging proteins, and to visualize the spatiotemporal 

inheritance of protein complexes and organelles in dividing cells. Here we describe 

a series of successful RITE cassettes that are designed for biochemical analyses, 

genomics studies, as well as single cell fluorescence applications. Importantly, the 

genetic nature and the stability of the tag-switch offer the unique possibility to 

combine RITE with high-throughput screening for protein dynamics mutants and 

mechanisms. The RITE cassettes are widely applicable, modular by design, and can 

therefore be easily adapted for use in other cell types or organisms.
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INTRODUC TION
Epitope tags provide powerful tools to study protein properties. In general, epitope 

tags provide a static snapshot of proteins in the cell. However, most proteins are 

dynamic and this is often an important aspect of their function (Russel et al. 2009; 

Hinkson and Elias 2011). For example, protein dynamics can influence the mobility 

and inheritance of proteins, the exchange of subunits of macromolecular complexes, 

access to otherwise occupied interaction sites of proteins or, when proteins are 

degraded and replaced by  new ones, in resetting post-translational modifications 

(Hager et al. 2009; Radman-Livaja et al. 2011; Hotz et al. 2012; Menendez-Benito 

et al. 2013). Over the past few years, several techniques have been developed to 

measure or visualize protein dynamics. Some of these techniques, such as FRAP, 

TimeStamp, or derivatives thereof, make use of fluorescent fusion proteins to follow 

the movement or stability and synthesis of proteins in single cells (Lin and Tsien 

2010; Butko et al. 2012). Other methods involve differential labeling of old and 

new proteins by using SILAC, radioactive labels, or labeling of specific proteins by 

using SNAP tags or FlAsH-ReAsH technology (Jansen et al. 2007; Adams and Tsien 

2008; Sweet et al. 2010; Zee et al. 2010; Ray-Gallet et al. 2011). Most of these 

methods allow detection of old and new proteins but only few methods provide 

the opportunity to specifically purify old and/or newly synthesized proteins by 

biochemical methods. This aspect is particularly relevant for the study of chromatin 

protein dynamics, where affinity purification allows mapping of protein occupancy 

and dynamics on specific regions of the genome. Several methods have recently 

been developed to measure chromatin protein dynamics (recently reviewed in Deal 

and Henikoff 2010a). One is the use of inducible overexpression of a tagged version 

of the protein of interest in the presence of an endogenously expressed untagged 

(or differentially tagged) copy (Korber et al. 2004; Dion et al. 2007; Jamai et al. 

2007; Kim et al. 2007; Rufiange et al. 2007). Another method (CATCH-IT) involves 

labeling of newly synthesized proteins by amino acid analogs that can be coupled 

to biotin and thereby used for selective purification (Deal and Henikoff 2010a; 

Deal and Henikoff 2010b). In Physarum, the dynamics of histone proteins can be 

monitored at the single cell level by microinjection of small amounts of labeled 

histone proteins (Thiriet and Hayes 2005; Ejlassi-Lassallette et al. 2011). We recently 

developed a versatile and flexible method called Recombination-Induced Tag 

Exchange (RITE), in which epitope tags on an endogenous protein of interest can 

be swapped in a conditional manner by an inducible Cre recombinase (Verzijlbergen 

et al. 2010; De Vos et al. 2011; Radman-Livaja et al. 2011; Hotz et al. 2012). 

The RITE system has been developed in budding yeast and is composed of two 

parts; a tandem-tag cassette that can be integrated behind the gene of interest 

for conditional C-terminal tagging, and a stably integrated and constitutively 

expressed hormone-dependent Cre recombinase that allows control of epitope 
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switching. RITE cassettes encode for one epitope tag (Tag1 or old tag) between 

two LoxP recombination sites and a second, orphan, epitope tag (Tag 2 or new tag) 

downstream of the second LoxP site (Fig. 1A). Upon activation of Cre recombinase 

activity by the simple addition of the hormone estradiol, a tag-switch occurs: the 

first tag is removed from the genome by recombination between the two LoxP 

sites and replaced by the second tag. To prevent background recombination, the 

RITE cassettes contain a selectable marker between the LoxP sites. Note that the 

LoxP recombination sequence is part of the protein coding sequence in the RITE 

cassettes, resulting in an in frame tag following the LoxP sites and allowing for 

switching by recombination. 

RITE has several advantages over some of the other methods to measure protein 

dynamics. The proteins of interest are expressed form their endogenous promoter, 

avoiding potential problems with overexpression. In addition, a RITE switch does 

not require specific media changes and is permanent, which allows monitoring 

of protein dynamics under many different physiological conditions (De Vos et 

al. 2011; Radman-Livaja et al. 2011; Hotz et al. 2012; Ouellet and Barral 2012; 

Menendez-Benito et al. 2013). Importantly, old and newly synthesized proteins 

can be monitored simultaneously. The RITE system is flexible, widely applicable 

and compatible with switching between different short epitope tags as well as 

fluorescent tags. Furthermore, RITE allows selective tagging and following one 

protein of interest in the context of all other unlabeled protein. Finally, RITE allows 

dynamics measurements in the context of a genetic screen allowing identification 

of proteins controlling protein turnover (Verzijlbergen et al. 2011; Hotz et al. 2012).  

Of note, proteins that are subject to very high turnover may not be suitable for 

analysis by RITE, because Cre-induced recombination of the LoxP sites takes several 

hours to complete (see below and Verzijlbergen et al. 2010). 

Here we present a comprehensive toolbox for the RITE assay. The availability of 

a RITE cassette series containing diverse biochemical and fluorescent tags allows 

for selection of tag pairs that are optimal for the protein of interest or for the 

experimental setup. Furthermore, new RITE cassettes with additional invariant tags 

are presented that bypass the need for protein-specific antibodies and allow for 

simultaneous detection of old and new protein (Fig. 1B). The RITE cassettes are 

modular by design. Therefore, they can be easily adapted to modify tags or to 

adjust cassettes for use in other cell types or organisms for which inducible Cre 

recombinases are available. 

MATERIALS AND METHODS
Strains and growth conditions

Yeast and bacteria were cultured under standard conditions (Van Leeuwen and 

Gottschling 2002)«+. E. coli strain DH5α was used for plasmid preparations. All 
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Figure 1. Outline of Recombination-Induced Tag Exchange. A) Following integration of a RITE 
cassette behind the gene of interest (GENE), recombination between LoxP sites is induced by 
Cre-Recombinase, causing a permanent switch from old Tag 1 to new Tag 2 on the protein of 
interest. S, spacer; L, LoxP recombination sites; TADH1, ADH1 terminator; HphMX, Hygromycin 
resistance cassette. B) RITE cassette including an invariant tag (i) upstream of the first LoxP site. 
The invariant tag is present pre- and post-recombination and can be used for simultaneous 
detection of the old and new protein of interest.  

yeast strains constructed and used in this study are detailed in Table 1 and were 

derived from previously published strains (Brachmann et al. 1998; Van Leeuwen 

et al. 2002; Tong and Boone 2006; Verzijlbergen et al. 2010; De Vos et al. 2011; 

Verzijlbergen et al. 2011). Strains were grown in YEPD (1% yeast extract, 2% bacto 

peptone, 2% glucose) in shaking flasks at 30°C. To select for Hygromycin resistance, 

cells were grown in YEPD containing 200 µg/ml Hygromycin.

Construction of RITE cassettes

All plasmids constructed in this study were derived from the previously described 

pFvL100 (Verzijlbergen et al. 2010) and are listed in Fig. 2A. pFvL106 contains a 

cassette switching from HA to T7 (HAT7), but the HphMX selection marker (the 

Hygromycin B phospho transferase gene under control of the AgTEF1 promoter and 

terminator) is replaced by a URA3 selection marker. pFvL118 and pFvL119 (HAT7) 

are nearly identical, except for small sequence differences around the HphMX gene 

(Verzijlbergen et al. 2010). For pFvL160, oligos were created containing either 

2xT7 with BsrGI overhangs or 2xHA with SpeI overhangs. Single stranded oligos 

(Table 2) of matching tags were incubated in 40 mM Tris pH8 and 100 mM NaCl 

61



Table 1. Yeast strains

Name Relevant genotype
Switch 
parent Source*

NKI2036** MATa his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0  hhf1-hht1Δ::LEU2 KV

NKI2148 NKI2036; bar1Δ::HisG his3Δ1::HIS3-PTDH3-CRE-EBD78  
hht2::HHT2-LoxP-HA-TADH1-HphMX-LoxP-T7   

KV

NKI8085 NKI2036; hht2::HHT2-LoxP-T7 NKI2148 This study

NKI2158 NKI2036; TCYC1::PTDH3-CRE-EBD78-HIS3 hht2::HHT2-LoxP-T7-
TADH1-HphMX-LoxP-HA

KV

NKI4138 NKI2036; hht2::HHT2-LoxP-HA NKI2158 This study

BY4733 MATa his3Δ200 leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 CB

NKI8001 BY4733; bar1Δ::HISG his3::HIS3-PTDH3-CRE-EBD78 This study

NKI2176 BY4733; hht1-hhf1::MET15 bar1Δ::HisG his3Δ200::HIS3-PTDH3-
CRE-EBD78

This study

NKI2178 NKI2176; hht2::HHT2-LoxP-HA-6xHis-TADH1-HphMX-LoxP-T7 This study

NKI8086 NKI2176; hht2::HHT2-LoxP-T7 NKI2178 This study

NKI2220 NKI2176; hht2::HHT2-LoxP-T7- TADH1-HphMX-LoxP-HA-6xHis This study

NKI8037 NKI2220; hht2::HHT2-LoxP-HA-6xHis NKI2220 This study

NKI8051 NKI2176; hht2::HHT2-LoxP-2xT7- TADH1-HphMX-LoxP-HA-6xHis This study

NKI8088 NKI8051; hht2::HHT2-LoxP-HA-6xHis NKI8051 This study

NKI8056 NKI2176; hht2::HHT2-LoxP-HA-6xHIS- TADH1-HphMX-LoxP-V5 This study

NKI8058 NKI8056; hht2::HHT2-LoxP-V5 NKI8056 This study

NKI8050 NKI2176; hht2::HHT2-LoxP-V5- TADH1-HphMX-LoxP-HA-6xHis This study

NKI8087 NKI8050; hht2::HHT2-LoxP-HA-6xHis NKI8050 This study

NKI8052 NKI2176; hht2::HHT2-LoxP-2xFLAG- TADH1-HphMX-LoxP-HA-6xHis This study

NKI8089 NKI8052; hht2::HHT2-LoxP-HA-6xHis NKI8052 This study

NKI8030 NKI8001; htz1::HTZ1-LoxP-HA-6xHIS-TADH1-HphMX-LoxP-T7

NKI8053 NKI8001; htz1::HTZ1-LoxP-V5-TADH1-HphMX-LoxP-HA-6xHIS

NKI8054 NKI8001; htz1::HTZ1-LoxP-2xT7-TADH1-HphMX-LoxP-HA-6xHIS

NKI8055 NKI8001; htz1::HTZ1-LoxP-2xFLAG-TADH1-HphMX-LoxP-HA-6xHIS

NKI4044 BY4733; pgk1::PGK1-V5-LoxP-HA-yEGFP- TADH1-HphMX-LoxP-
T7-mRFP

This study

NKI4044post NKI4044; pgk1::PGK1-LoxP-T7-mRFP NKI4044 This study

Y7092 MATα can1Δ::PSTE2-Sp-his5 lyp1Δ his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 AT

SPC42G Y7092; lyp1Δ::NATMX-PTDH3-CRE-EBD78 spc42::SPC42-loxP-T7- 
TADH1-HphMX-loxP-HA-GFP

This study

SPC42Gpost SPC42G; spc42::SPC42-loxP-HA-GFP SPC42G This study

SPC42R Y7092; lyp1Δ::NATMX-PTDH3-CRE-EBD78 spc42::SPC42-LoxP-
3xHA- TADH1-HphMX-LoxP-3xT7-mRFP

This study

SPC42Rpost SPC42R; spc42::SPC42-LoxP-3xT7-mRFP SPC42R This study

*Sources: KV, Verzijlbergen et al 2010; CB, Brachmann et al 1995; AT, Tong et al, 2006; FvL, van Leeuwen 
et al., 2002, see Materials and Methods.
**NKI2036 was derived from crosses between BY4742, BY4727 and UCC1369 (CB and FvL).
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in a thermal cycler set at 94°C for 3 minutes, then gradually cooling down to 

15°C. The double-stranded fragments were purified over a microspin G-50 column 

(Amersham Biosciences). Oligos were sequentially cloned into pFvL119 digested 

with the appropriate restriction enzymes. pTW073 was constructed by amplifying 

a fragment of pFvL118 with primers containing a V5 tag extension and BsrGI 

restriction sites. Subsequently, this fragment and pFvL118 were digested with BsrGI 

and ligated together, creating an HAV5 cassette. A 3-step-PCR approach was 

used to construct pTW081 and pTW087. Fragments containing either HA flanked 

by MluI and SphI restriction sites, or T7 flanked by ClaI and NsiI restriction sites were 

amplified from pFvL118. These fragments and pFvL118 were digested with the 

respective restriction enzymes and ligated to construct a cassette with swapped tags 

(pTW081; T7HA; (Verzijlbergen et al. 2010)). For pTW087 a fragment containing 

HA was amplified using primers with a tail of 6xHis, creating an HA-6xHis fragment 

flanked by ClaI and NsiI restriction sites. The fragment and pFvL118 were digested 

with ClaI and NsiI and ligated to construct an HA-6xHisT7 cassette (pTW087, (De 

Vos et al. 2011). An HA-6xHis fragment flanked by BglII and BsrGI restriction sites 

was amplified by PCR from pTW087. The fragment and pTW081 were digested 

with these enzymes and ligated, constructing pTW094 (T7HA-6xHis). For 

pMT001 (HA-6xHisV5), plasmids pTW087 and pTW073 were digested with NsiI 

and MluI. The fragment of pTW087 containing spacer-LoxP-HA-6xHis-TADH1-HphMX 

was ligated into the fragment of pTW073 containing LoxP-V5. For pMT004-006 

a fragment of double stranded DNA containing V5, 2xT7, or 2xFLAG with KpnI 

Table 2. Oligos used for plasmid construction

Oligo Sequence

CLTSB19a GTACTATGGCTTCTATGACAGGAGGTCAACAGATGGGAGGAATGGCCTCAAT 
GACCGGTGGCCAGCAAATGGGAT

CLTSB19b GTACATCCCATTTGCTGGCCACCGGTCATTGAGGCCATTCCTCCCATCTGTTG 
ACCTCCTGTCATAGAAGCCATA

CLTSB17a CTAGCTATCCCTATGACGTCCCGGACTATGCAGGATATCCATATGACGTTCCA 
GATTACGCTA

CLTSB17b CTAGTAGCGTAATCTGGAACGTCATATGGATATCCTGCATAGTCCGGGACGTC 
ATAGGGATAG

KpnI-V5-SpeI Fwd CGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTA

KpnI-V5-SpeI Rev CTAGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCGGTAC

KpnI-2xFLAG-SpeI Fwd CGACTACAAGGACGATGACGATAAAGATTATAAAGATGACGATGACAAGA

KpnI-2xFLAG-SpeI rev CTAGTCTTGTCATCGTCATCTTTATAATCTTTATCGTCATCGTCCTTGTAGTCGGTAC

KpnI-2xT7-SpeI Fwd CATGGCTTCTATGACAGGAGGTCAACAGATGATGGCAAGCATGACTGGTGGA 
CAGCAAATGA

KpnI-2xT7-SpeI Rev CTAGTCATTTGCTGTCCACCAGTCATGCTTGCCATCATCTGTTGACCTCCTGTC 
ATAGAAGCCATGGTAC
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and SpeI overhangs were made by oligo annealing (Table 2). Oligos were ligated 

into pFvL119 digested with KpnI and SpeI. The tags of the resulting plasmids were 

combined with the HA-6xHis tag of pTW094 using AscI and SphI restriction sites 

to generate pMT004 (V5HA-6xHIS), pMT005 (2xT7HA-6xHIS), and pMT006 

(2xFLAGHA-6xHIS). pKV005 was constructed by a 3-step PCR on pKV001 (a 

pFvL119 derivative containing additional restriction sites), introducing an invariant 

MYC tag between the spacer and LoxP site. The resulting cassette is MYCi-HAT7. 

For pKV006, a V5-fragment with Eco47III restriction sites was amplified by PCR. 

The fragment and pKV001 were digested by Eco47III and ligated, constructing a 

cassette with an invariant V5 tag between the spacer and LoxP site (V5i-HAT7). 

For pKV014, mRFP was amplified by PCR with primers containing BsrGI and HindIII 

restriction sites at the ends. This fragment and pFvL160 were digested with BsrGI and 

HindIII and ligated, resulting in a cassette with a fluorescent tag post-recombination 

(3xHA3xT7-mRFP). For pKV015, yEGFP and mRFP were amplified with primers 

containing restriction sites for SpeI, and for BsrGI and HindIII, respectively. These 

fragments and pKV006 were digested with the appropriate enzymes and ligated, 

resulting in a cassette that combines epitope tags with fluorescent tags, pKV015 

(V5i-HA-yEGFPT7-mRFP, (Verzijlbergen et al. 2010)). For pVM013, pTW081 and 

pVM012 were digested with BsrGI and HindIII. The small fragment of pVM012 

containing yEGFP was ligated into the large fragment of pTW081 (T7HA), 

resulting in a T7HA-yEGFP cassette (Menendez-Benito et al. 2013). 

PCR-mediated gene tagging

To target RITE cassettes to the gene of interest, the cassette was amplified using 

integration primers that contain 40 bp of sequence of the gene of interest for 

homologous recombination (Fig. 2B). The forward primer (F1) sequence of the 

cassette is 5’-GGT GGA TCT GGT GGA TCT-3’. For pFvL106 to pKV006 the reverse 

primer used to amplify the cassette is 5’-AGGGAACAAAAGCTTGCATG-3’ (R1), 

which anneals 54 bp downstream of the cassette. For pKV014 to pKV016 the 

reverse primer sequence of the cassette is 5’-TCAGGCGCCGGTGGAGTGGCG-3’ 

(R3). This primer is mRFP specific and anneals at the end of mRFP to introduce a stop 

codon (underlined sequence), which is missing in the mRFP sequence. The reverse 

primer used for pVM013 is 5’-TGATTACGCCAAGCTCG-3’ (R2), which anneals 

further downstream than R1 (90 bp downstream of cassette) and which can be 

used when the sequence of R1 is absent. For one strain in this study (SPC42G), 

a reverse primer was used that anneals even further downstream of the cassette. 

When designing primers to target RITE to the gene of interest, it is important 

that the reading frame of the ORF and the fused cassette is maintained. The PCR 

products were transformed into strain NKI2176, NKI2036 or Y7092 using standard 

transformation protocols (Gietz and Schiestl 2007). After transformation, cells were 

plated onto YEPD plates and incubated overnight at 30°C; the following day plates 
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Figure 2. RITE cassettes and Cre recombinase vectors. A) Available RITE cassettes. The cassettes 
can be amplified with the primers indicated (see panel B). The sequence of the forward primer 
F1 is 5’-GGT GGA TCT GGT GGA TCT-3’ (corresponding to the reading frame of the spacer 
sequence); the sequences of the reverse primers are: R1 5’-AGGGAACAAAAGCTTGCATG-3’; 
R2 5’-TGATTACGCCAAGCTCG-3’; R3 5’-TCA GGCGCCGGTGGAGTGGCG-3’. Note that primer 
R3 contains a STOP codon (underlined), since the mRFP sequence in pKV14-16 lacks a stop 
codon. B) Gene targeting of RITE cassettes by homologous recombination. The RITE cassettes 
can be PCR-amplified with a forward and reverse primer that have 20 bp homology with the 
cassette and a tail of at least 40 bp homology with the 3’end of the gene of interest and 
3’ UTR, respectively. C) Constructs to integrate the Cre recombinase expression vector in the 
yeast genome by homologous recombination. Unique restriction sites can be used to digest the 
plasmid and integrate the linear fragment by single cross-over (see Materials and Methods).
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were replica-plated onto selection plates (YEPD containing 200 µg/ml Hygromycin). 

Integration of the cassettes was checked by colony PCR.

Cre recombinase vectors

Two plasmids were constructed to integrate Cre recombinase in the yeast genome. 

pTW040 was constructed by cloning a PTDH3-Cre-EBD78 fragment digested with 

PvuII into pRS303 digested with SmaI. For the PTDH3-Cre-EBD78 fragment, PTDH3 

was cloned with ApaI and BspEI upstream of Cre-EBD78, where the PGAL had been 

replaced by a multiple cloning site. pSS146 was constructed by cloning the PTDH3-

Cre-EBD78 fragment of pTW040 into pRS306 with EcoRI and NotI. Both plasmids 

contain unique restriction sites that can be used to integrate Cre-Recombinase at 

the HIS3 locus, the URA3 locus or the CYC1 terminator (Fig. 2C).

Detection of recombination by Southern blot 

For Southern blotting 5x108 cells were spun and frozen at −80°C. A histone 

H3 (HHT2)-specific probe was made by PCR amplification using primers HHT2_

HindIII_for (GAATCTTTCTGTGACGCTTGG) and HHT2_HindIII_rev (GGGGAAGAAC 

AGTTGGAAGG), resulting in a 650-bp amplicon covering the region 576,144–

576,794 of chromosome XIV. When used on genomic DNA that was digested with 

HindIII, the three bands recognized are specific for before the switch (3000 bp, 

pre), after the switch (931 bp, post), or as an internal control (1538 bp, control). 

Radioactive Southern blotting was performed using 50 μCi of 32P-dCTP; incubation 

was done overnight at 65°C.

Protein detection by immunoblot and antibodies

For immunoblotting, strains were grown to mid-log phase (OD660 0.6-0.9). Samples 

of 2x108 cells were harvested and washed with 10 mM Tris pH 8, 1 mM EDTA (TE) 

containing 0.2 mM PMSF. Cell pellets were stored at -80°C until further processing, 

but at least thirty minutes. Whole cell extracts were prepared in SUMEB (1% SDS, 

8 M Urea, 10 mM MOPS pH 6.8, 10 mM EDTA, 0.01% bromophenol blue) containing 

protease inhibitors (1 mM PMSF, 1 mM DTT, 5 mM benzamidine, 1 µg/ml pepstatin, 

1 µg/ml leupeptin) by glass bead disruption in a multivortex. The resulting lysate 

was incubated for 10 minutes at 65°C and subsequently clarified by centrifuging 

5 minutes at 14000 rpm. Prior to immunoblotting, 4-10 µl of lysate was separated 

on a polyacrylamide gel (16% for histone H3 and H2B, 10% for Pgk1, Spc42, and 

Sir2). Separated proteins were transferred to a 0.45 µm nitrocellulose membrane for 

one (H3 and H2B) or two (Pgk1, Spc42, and Sir2) hours at 0.1 A. Membranes were 

blocked with PBS containing 2% or 5% Nutrilon (Nutricia) for one hour, first antibody 

incubations were done either for two hours at room temperature or overnight at 

4°C in TBST with 2% Nutrilon. After washing three times in TBS containing 10% 

Tween-20 (TBST), secondary antibody incubation was performed in TBST with 2% 
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Nutrilon and LI-COR Odyssey IRDye 800CW antibody at 1:10,000 for 45 minutes 

at room temperature in the dark followed by two times 10-minute wash in TBST 

and one time 10-minute wash in PBS. Membranes were scanned using a LI-COR 

Odyssey IR Imager (Biosciences) and analyzed using the Odyssey LI-COR software 

package version 3.0. Antibodies used in this study are Pgk1 (A-6457, Invitrogen), 

Sir2 (Sc-6666, Santa Cruz), histone H2B (39238, Active Motif), HA (12CA5), T7 

(A190-117A, Bethyl), Flag (M2 F3165, Sigma), V5 (R960-25, Invitrogen), histone H3 

and LoxP (Verzijlbergen et al. 2010), and GFP and mRFP (Rocha et al. 2009). 

Chromatin Immuno Precipitation

For ChIP, cells were grown to mid-log phase in YEPD with 200 µg/ml Hygromycin 

for pre-switch strains, or YEPD for post-switch strains. Samples of 1-3x109 cells were 

taken, fixed for 10 minutes in 1% formaldehyde and washed with cold TBS. Pellets 

were stored in 12 ml flat bottom-tubes or 2 ml screw-cap tubes at -80°C until further 

processing. Cells in 12 ml tubes were disrupted in 300 µl breaking buffer (100 mM 

Tris pH 7.9, 20% glycerol, protease inhibitor cocktail EDTA-free (Roche)) with 400 

µl glass beads in a multivortex for 20 minutes at 4°C. Cells in screw-cap tubes were 

disrupted in 200 µl breaking buffer with 500 µl glass beads in a bead beater in a 

4°C cold block for 2 minutes. Lysis was at least 70%, as determined by microscopy. 

Lysates were transferred to 1.5 or 2 ml tubes and 1 ml FA buffer (50 mM HEPES-KOH 

pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 

protease inhibitor cocktail EDTA-free) was added. The mixture was centrifuged for 

1 minute at 14000 rpm at 4°C, and the pelle=t was washed once more with FA 

buffer. The pellet was resuspended in 450 µl FA, divided over two 1.5 ml tubes and 

sonicated for 6-7 minutes in a Bioruptor (Diagenode) with 30 second on-off cycles 

on high power. Lysates were cleared by centrifugation for 5 minutes at 4°C at 14000 

rpm. Supernatant containing chromatin was transferred to 1.5 ml tube and 1 ml 

FA was added to samples of the 12 ml tubes. Screw-cap tube chromatin samples 

were treated with Micrococcal Nuclease (MN) to generate mononucleosomes. For 

these samples, 800 µl final buffer (15 mM Tris pH 7.4, 50 mM NaCl, 1.5 mM CaCl2, 

5 mM β-mercaptoethanol, 5 mM MgCl2) was added. Samples were incubated with 

30 units of MN (Fermentas) at  37°C for 20 minutes. The reaction was stopped by 

adding EGTA and EDTA to a final concentration of 10 mM and placing tubes on ice. 

The chromatin solution was centrifuged for 15 minutes at 14000 rpm at 4°C; the 

supernatant was transferred to a new 1.5 ml tube and stored at -20°C. Magnetic 

dynabeads coupled with Protein G (Dynal) were incubated in PBS containing 5 mg/ml 

BSA with antibody for at least four hours at 4°C. 200 µl soluble chromatin was 

added to prepared dynabeads and incubated rotating overnight at 4°C. Then 1 ml of 

FA buffer was added and samples were incubated rotating for 5 minutes at RT. The 

samples were washed twice with each of the buffers FA, FA-HS (50 mM HEPES-KOH 

pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate), 
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RIPA (10 mM Tris pH 8, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM 

EDTA). Finally, the samples were washed once with TE (10 mM Tris pH8, 1 mM 

EDTA). 100 µl elution buffer (50 mM Tris pH 8, 10 mM EDTA, 1% SDS) was added 

to the samples and incubated for 10 minutes at 65°C. Subsequently the samples 

were centrifuged 1 minute at 14000 rpm and 80 µl supernatant was collected. 

70 µl TE was added to samples and cross links were reversed in 0.625 mg/ml ProtK 

and 3 µg/ml RNaseA incubated for 1 hour at 50°C and subsequently overnight at 

65°C. For input samples, 40 µl chromatin solution was combined with 60 µl elution 

buffer and 70 µl TE, and treated in the same manner as IP samples to reverse cross 

links. DNA was purified by using the High Pure PCR Product Purification Kit (Roche). 

Alternatively, DNA was extracted by using Chelex-100 resin (Bio-Rad) (Walsh et al. 

1991; Nelson et al. 2009). 

Quantitative PCR

Quantitative real time-PCR (qPCR) was performed with SYBRgreen master mix 

(Applied Biosystems or Roche) according to the manufacturer’s manual. IP samples 

were diluted 10 times, and input samples were diluted 100 times before analyzing 

by qPCR on a 7500 Fast Real-Time PCR system (Applied Biosystems) or LightCycler 

480 II (Roche). qPCR primers are shown in Table 3.

Microscopy

Microscopy samples were fixed with 4% formaldehyde, stained with 1 μg/ml Hoechst 

33342 (Invitrogen) and mounted with Vectashield solution (Vector Laboratories) onto 

ConA-coated cover slides. Samples were analyzed on a Leica SP5 confocal system 

using a 405 nm laser to excite Hoechst, 488 nm for yEGFP and 561 nm for mRFP.

RESULTS AND DISCUSSION
RITE cassette and Cre vector construction

RITE cassettes containing different combinations of small epitope tags or fluorescent 

tags were generated by combining tag modules of previously described RITE 

Table 3. primer sequences used for qPCR

Primer Sequence

PTC6_Qfor ATCGGGGCAATTAAGCATC

PTC6_Qrev CCCGTAACAAGTCCAGCTTC

RSA4_Qfor TCTCTGGGAAGTTGAGCCTCTT

RSA4_Qrev CACAATATACAGATGTCCACCCTGAT

SPA2_Qfor ATCAAGAGAAGAGGGTTCGACAAG

SPA2_Qrev CATCGGCTGCGGTAATGG
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cassettes, or with new epitope tags as described in Materials and Methods. The 

RITE cassettes are shown in Fig. 2A. Many of the RITE cassettes contain unique 

restriction sites between the different elements, which facilitates modification 

of the constructs for other applications. Some of the RITE cassettes contain an 

invariant tag for simultaneous detection of old and new protein using commercially 

available antibodies. The cassettes can be integrated by homologous recombination 

behind any gene of interest (Fig. 2B).

Two vectors are available for integration of the hormone-dependent Cre 

recombinase (Fig. 2C). Unique restriction sites in the Cre vectors allow integration 

of the constructs by single crossover at the CYC1 terminator region, or at the 

HIS3 or URA3 regions. These options and the efficiency of integration depend on 

the auxotrophic alleles present in the target strain. For example, targeting of the 

HIS3-Cre cassette (pTW040) to the commonly used his3Δ200 allele (see http://wiki.

yeastgenome.org/index.php/Strains) is inefficient due to the relatively short region of 

homology on one end. The advantage of targeting to this locus is that the integrated 

Cre is less prone to be lost by pop-out recombination. When other strategies are 

used it is recommended to maintain selection for the integrated Cre vector to select 

against pop-out events. Cre recombinase is expressed constitutively under control 

of the TDH3 promoter and CYC1 terminator and fused to the human Estrogen 

Binding Domain (EBD), which makes the nuclear activity of Cre dependent on the 

hormone β-estradiol (Logie and Stewart 1995). Estradiol releases the EBD from 

cytosolic heat shock proteins and allows entry of the EBD-Cre chimeric protein into 

the nucleus for recombination (Logie and Stewart 1995). This allows timed control 

of the RITE tag-switching. Here we use a derivative of Cre-EBD (Cre-EBD78) that is 

tightly dependent on the addition of β-estradiol in budding yeast (Lindstrom and 

Gottschling 2009; Dymond et al. 2011). Background recombination before induction 

of the tag-switch and recombination efficiency after induction can be determined by 

Southern blot analysis or by plating cells on non-selective media and then replica-

plating the colonies to media containing Hygromycin (see Fig. 3 and Verzijlbergen 

et al. 2010). In a typical experiment, the average background recombination is 

10% or lower, whereas the Cre-induced recombination efficiency is 95% or higher 

(see Figure 3 and Verzijlbergen et al. 2010). The completion of a recombination-

induced tag-switch in a population of cells generally takes a few hours (Fig. 3). This 

time window should be taken into consideration when RITE is applied to study the 

dynamics of proteins with a very high turnover rate. Of note, the rate of induced 

versus background recombination can vary between strains, tagged genes, cell 

cycle stages, and experimental conditions. We occasionally encountered strains that 

showed high background recombination or low levels of induced recombination 

(data not shown), the reasons of which are unknown. We also found low levels 

of induced recombination in synthetic media containing mono sodium glutamate 

instead of ammonium sulphate as the nitrogen source (data not shown). 
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Immunoblot detection of RITE tags

To demonstrate the functionality of the short biochemical epitope tags in the new 

RITE cassettes, the respective RITE cassettes were PCR amplified and targeted to the 

histone H3 gene HHT2 (Fig. 2B). To avoid interference of non-tagged histone H3, the 

other gene encoding H3 (HHT1) was deleted. We analyzed strains prior to the tag-

switch as well as strains that had undergone a permanent tag switch. Immunoblot 

analysis of whole cell extracts showed that both tags (pre-switch shows old Tag 1, 

post-switch shows new Tag 2) can be detected using tag-specific antibodies (Figs. 

4A and B). The old Tag 1 was detected before the switch, while the new Tag 2 was 

detected after the switch. Due to background recombination, low levels of the 

Figure 3: Cre-recombination kinetics. A) Southern blot analysis of H3-HAT7 (strain 
NKI2048). Recombination was induced in log-phase or nutrient-starved cells and analyzed 
using an H3-specific probe on HindIII-digested DNA. The three bands recognized are specific 
for pre-switch (pre), post-switch (post), or an internal control present in both (control). B) 
Plating assay of starved Spc42-3xHA3xT7-RFP cells (strain SPC42R) following induction of 
Cre-recombination. Cells were plated on YEPD media and then replica plated to YEPD media 
containing Hygromycin. C) Quantification of recombination levels as measured by plating assay 
of H3-V5HA-6xHIS (strain NKI8050) and strain SPC42R in log phase and during starvation. 
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new Tag 2 were detected before the switch in some of the samples. RITE was also 

applied to Pgk1 (3-phosphoglycerate kinase), a housekeeping protein. In this case, 

the RITE cassette contained combinations of short epitope tags and fluorescent tags 

(pKV015). The old and new tags could be detected on immunoblots before and 

after the switch, respectively (Fig. 4C). In addition, the RITE cassette also harbors an 

invariant V5 tag, which should be present pre-switch as well as post-switch. Pgk1 

containing the invariant V5 tag could be detected in both samples (Fig. 4C). 

Detection of RITE tags by ChIP

One of the advantages of RITE compared to other methods for measuring protein 

dynamics is the possibility to apply it to affinity purification. We determined how 

the various tags in the RITE cassettes perform in ChIP experiments. For this purpose, 

we tagged histone H3 (HHT2, in the absence of HHT1) and histone variant H2A.Z 

(HTZ1) with different RITE cassettes and performed ChIP-qPCR experiments on 

pre-switch strains (see Materials and Methods). Three loci were examined (primer 

sequences are listed in Table 3), representing high  (PTC6, RSA4) and low (SPA2) 

levels of steady state H2A.Z and similar levels of H3 (Kobor et al. 2004; Albert et 

al. 2007). Indeed, using the RITE tags, H2A.Z levels relative to H3 levels differed 

according to the previously shown steady state levels (Fig. 5). Note that although the 

trends were similar, the relative ChIP efficiency (H2A.Z/H3) was not the same for the 

different RITE tags (Fig. 5). Apparently, the short epitope tags do not work equally 

well for each protein. Fortunately, the RITE assay is very flexible. The expanded RITE 

cassette series that we describe here affords the selection of epitope tag pairs that 

work efficiently for the protein of interest. Furthermore, since the RITE cassettes are 

modular by design, other tag sequences can be readily incorporated. 

Combining RITE with fluorescence microscopy

The addition of fluorescent markers to the RITE technology adds the possibility of 

spatiotemporal monitoring of proteins of interest (Verzijlbergen et al. 2010; Hotz et 

al. 2012; Menendez-Benito et al. 2013). We previously described the HA-yEGFPT7-

mRFP and 3xHA-yEGFP3xT7-mRFP RITE cassettes (see Fig. 2A) (Verzijlbergen et al. 

2010; Menendez-Benito et al. 2013). An mCherryGFP RITE-like cassette has been 

described by the Barral lab (Hotz et al. 2012). Two additional RITE cassettes can be used 

to switch from a small epitope tag to a larger fluorescent tag (Fig. 2A). They can be 

used for conditional knock-ins when larger tags cause growth defects. As the protein 

of interest is only fluorescent after the switch, these RITE cassettes are particularly 

suited for monitoring synthesis and the spatiotemporal behavior of the new protein by 

microscopy. Fig. 6 shows Spc42, a component of the yeast spindle pole body, tagged 

with these RITE cassettes (Figs. 6A and D). The spindle pole body could be observed 

after the tag switch as a bright dot next to the nucleus (Fig. 6B and E), whereas before 

the tag switch only background signal was observed. Expression of the proteins was 
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Figure 4. Immunoblot analysis of RITE-tagged histone H3 and Pgk1. A) Histone H3 (HHT2) was 
tagged with different RITE cassettes. Before tag switch (pre) detects the old Tag 1. A wild-type 
strain (-, untagged H3) was used as a negative control. H2B was used as a loading control. 
B) After tag switch (post) detects the new Tag 2. Post-switch strains are the recombined 
counterparts of the pre-switch strains shown in panel A. Strains used: 1. NKI8001; 2. NKI2148; 
3. NKI2158; 4. NKI2178; 5. NKI2220; 6. NKI8051; 7. NKI8056; 8. NKI8050; 9. NKI8052; 10. 
NKI8001; 11. NKI8085; 12. NKI4138; 13. NKI8086; 14. NKI8037; 15. NKI8089; 16. NKI8058; 
17. NKI8087; 18. NKI8088. C) Pgk1 was tagged with an HA-yEGFPT7-mRFP RITE cassette 
containing an invariant epitope tag V5 (V5i). Sir2 was used as loading control.
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confirmed by immunoblot analysis (Fig. 6C and 6F). Of note, such color switch tags 

can be combined with microscopy- or flow cytometry-based genetic screens to identify 

proteins that control protein or organelle dynamics (Hotz et al. 2012).

Detecting protein dynamics

RITE enables following protein dynamics under many physiological conditions. Here, 

we show the application of one of the new RITE cassettes, which switches from V5 to 

HA-6xHis and was applied to histone H3 (HHT2, in the absence of HHT1) to measure 

chromatin protein dynamics (Fig. 7A). Cells were arrested by starvation and a pre-

switch sample was taken before inducing Cre recombinase (Fig. 7B). After 16 hours 

of recombination, a post-switch sample was taken before the cells were released 

in fresh media. Two additional samples were taken during the release, at 2 hours, 

before cell division, and at 4 hours, when most of the cells had divided once. During 

the release, the amount of old Tag 1 (V5) decreased, while new Tag 2 (HA-6xHis) 

increased, as expected (Fig. 7C). In the pre- and post-switch samples we detected 

V5-, but hardly any HA-tagged protein. The small amount of HA-tagged protein 

found in the post-switch sample is consistent with previous results showing that in 

starved cells there is a low level of histone exchange (Verzijlbergen et al. 2010). Using 

Figure 5. Validation of RITE tags in Chromatin immunoprecipitation Assays. RITE-ChIP of H3 and 
H2A.Z followed by qPCR analysis of three loci: A=PTC6, B=RSA4, C=SPA2. The regions around 
the transcription start sites (TSS) of PTC6 and RSA4 have high H2A.Z occupancy; the SPA2 region 
is located at the 5’ end of the SPA2 coding sequence and has low H2A.Z occupancy (primer 
sequences are listed in Table 3). ChIP signals were normalized over the corresponding inputs. 
The relative ChIP efficiency (H2A.Z/H3 on each of the three loci examined) varied between the 
four epitope tags.  Average of three biological replicates +/- SEM. Results were obtained from: 
HA-ChIP on strains NKI2178 (H3-HA-6xHIST7) and NKI8030 (H2A.Z-HA-6xHIST7), V5-ChIP 
on strains NKI8050 (H3-V5HA-6xHIS) and NKI8053 (H2A.Z-V5HA-6xHIS), FLAG-ChIP on 
strains NKI8052 (H3-2xFLAGHA-6xHIS) and NKI8055 (H2A.Z-2xFLAGHA-6xHIS), and 
T7-ChIP on strains NKI8051 (H3-2xT7HA-6xHIS) and NKI8054 (H2A.Z-2xT7HA-6xHIS. 
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an antibody against the spacer-LoxP peptide sequence we could detect old Tag 1 and 

new Tag 2 simultaneously on a single blot due to different mobility on SDS-PAGE gels. 

Next, we performed ChIP on these samples and examined occupancy of old and new 

histone H3 at the PTC6 gene and the SPA2 gene (Table 3). For both genes we detected 

a decrease in V5-tagged protein (old H3) and an increase in HA-tagged protein (new 

H3) when switched cells were analyzed four hours after release into fresh media (Fig. 7D 

and E). The level of histone H3 exchange, i.e. the ratio of new H3 over old H3 (new/old), 

increased over time (Fig. 7F). Since the cells are released into log phase and undergo 

DNA replication, the exchange measured here was mostly caused by replication-coupled 

histone deposition, and to a lesser extent by replication-independent histone exchange, 

the latter of which can vary from gene to gene (Dion et al. 2007; Jamai et al. 2007; 

Rufiange et al. 2007; Deal et al. 2010; Verzijlbergen et al. 2010). 

Figure 6. Analysis of fluorescent knock-in RITE cassettes. A) Spc42, a subunit of the spindle 
pole body, was tagged with a 3xHA3xT7-mRFP RITE cassette (strain Spc42R). B) Fluorescent 
microscopy of strain Spc42R. In the pre-switch sample, no mRFP was detected; in the post-
switch sample Spc42-mRFP was clearly visible. C) Immunoblot analysis of the Spc42R samples 
described in panel B. Pgk1 was used as loading control. D-F) as in panels A-C using Spc42 
tagged with a 1xT71xHA-yEGFP RITE cassette (strain Spc42G). Spc42 containing a single 
HA or T7 tag could not be detected on blots using the tag-specific antibodies. However, an 
antibody against spacer-LoxP could visualize old and new Spc42. Scale bars, 2 μm.
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Figure 7. Immunoblot and ChIP analysis of histone H3 dynamics. A) Histone H3 was tagged 
with a V5HA-6xHis RITE cassette in strain NKI8050. B) Outline of experimental set up. 
C) Immunoblot analysis of cells arrested by starvation (pre), switched for 16 h (post), and 
subsequently released into fresh media for 2 hours (no cell division) or 4 hours (one cell 
division). An antibody against spacer-LoxP detects both old and new H3. D-E) H3-V5 and H3-
HA-6xHis ChIP analysis of samples described in panel B to measure occupancy (IP/input) of old 
and new H3 at PTC6 (around TSS) and SPA2 (coding sequence) (primer sequences are listed in 
Table 3). F) Exchange of histone H3 determined as the ChIP ratio of new H3 over old H3 (HA/
V5).  Average of three biological replicates +/- SEM.
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CONCLUSION
RITE is a versatile method than can be used to study protein dynamics by different 

downstream applications on any protein of interest that tolerates C-terminal 

tags. The GFP tagged yeast library shows the many examples where C-terminal 

tagging is allowed without significant effects on cell viability or other vital functions 

(Ghaemmaghami et al. 2003; Huh et al. 2003). The short epitope tags can be used 

for immunoblot and affinity purification protocols such as ChIP. Thereby, RITE can 

be combined with proteomics methods, genomics methods, or DNA-based high-

throughput screens (Verzijlbergen et al. 2010; De Vos et al. 2011; Radman-Livaja et 

al. 2011; Verzijlbergen et al. 2011). The fluorescent tags in the RITE cassettes can 

be applied to measure protein dynamics in single cells by live imaging (Verzijlbergen 

et al. 2010; Hotz et al. 2012; Menendez-Benito et al. 2013) and further expanded 

towards high-throughput genetic screening. The suite of RITE cassettes enables a 

flexible design for many applications. Furthermore, the RITE cassettes are modular by 

design and can therefore be easily adapted for use in other cell types or organisms. 

The RITE plasmids and sequence information will be available through EUROSCARF 

(Frankfurt, http://web.uni-frankfurt.de/fb15/mikro/euroscarf/index.html).

ACKNOWLEDGEMENTS
The authors thank Derek Lindstrom for the original Cre-EBD78 construct and 

members of the van Leeuwen lab for advice. This project was sponsored by the 

Netherlands Genomics Initiative (NGI) and by The Netherlands Organisation for 

Scientific Research (NWO).

76



3

RITE tool kit

REFERENCES
Adams, S. R., and R. Y. Tsien, 2008 Preparation 

of the membrane-permeant biarsenicals 
FlAsH-EDT2 and ReAsH-EDT2 for 
fluorescent labeling of tetracysteine-
tagged proteins. Nat. Protoc. 3: 1527-
1534.

Albert, I., T. N. Mavrich, L. P. Tomsho, J. Qi, S. 
J. Zanton et al., 2007 Translational and 
rotational settings of H2A.Z nucleosomes 
across the Saccharomyces cerevisiae 
genome. Nature 446: 572-576.

Brachmann, C. B., A. Davies, G. J. Cost, E. 
Caputo, J. Li et al., 1998 Designer deletion 
strains derived from Saccharomyces 
cerevisiae S288C: a useful set of strains 
and plasmids for PCR-mediated gene 
disruption and other applications. Yeast 
14: 115-132.

Butko, M. T., J. Yang, Y. Geng, H. J. Kim, N. L. 
Jeon et al., 2012 Fluorescent and photo-
oxidizing TimeSTAMP tags track protein 
fates in light and electron microscopy. 
Nature Neurosci. 15: 1742-1751.

De Vos, D., F. Frederiks, M. Terweij, T. van 
Welsem, K. F. Verzijlbergen et al., 2011 
Progressive methylation of ageing 
histones by Dot1 functions as a timer. 
EMBO Rep. 12: 956-962.

Deal, R., J. Henikoff and S. Henikoff, 2010 
Genome-wide kinetics of nucleosome 
turnover determined by metabolic labeling 
of histones. Science 328: 1161-1164.

Deal, R., and S. Henikoff, 2010a Capturing 
the dynamic epigenome. Genome Biol. 
11: 218-218.

Deal, R. B., and S. Henikoff, 2010b Catching 
a glimpse of nucleosome dynamics. Cell 
cycle 9: 3389-3390.

Dion, M. F., T. Kaplan, M. Kim, S. Buratowski, 
N. Friedman et al., 2007 Dynamics of 
replication-independent histone turnover 
in budding yeast. Science 315: 1405-1408.

Dymond, J. S., S. M. Richardson, C. E. 
Coombes, T. Babatz, H. Muller et al., 2011 
Synthetic chromosome arms function in 
yeast and generate phenotypic diversity 
by design. Nature 477: 471-476.

Ejlassi-Lassallette, A., E. Mocquard, M. C. 
Arnaud and C. Thiriet, 2011 H4 replication-
dependent diacetylation and Hat1 promote 
S-phase chromatin assembly in vivo. Mol. 
Biol. Cell 22: 245-255.

Ghaemmaghami, S., W. K. Huh, K. Bower, R. 
W. Howson, A. Belle et al., 2003 Global 
analysis of protein expression in yeast. 
Nature 425: 737-741.

Gietz, R. D., and R. H. Schiestl, 2007 High-
efficiency yeast transformation using the 
LiAc/SS carrier DNA/PEG method. Nature 
Protoc. 2: 31-34.

Hager, G., J. McNally and T. Misteli, 2009 
Transcription dynamics. Mol. Cell 35: 
741-753.

Hinkson, I., and J. Elias, 2011 The dynamic 
state of protein turnover: It’s about time. 
Trends Cell Biol. 21: 303-293.

Hotz, M., C. Leisner, D. Chen, C. Manatschal, 
T. Wegleiter et al., 2012 Spindle pole 
bodies exploit the mitotic exit network in 
metaphase to drive their age-dependent 
segregation. Cell 148: 958-972.

Huh, W. K., J. V. Falvo, L. C. Gerke, A. S. 
Carroll, R. W. Howson et al., 2003 Global 
analysis of protein localization in budding 
yeast. Nature 425: 686-691.

Jamai, A., R. M. Imoberdorf and M. Strubin, 
2007 Continuous histone H2B and 
transcription-dependent histone H3 
exchange in yeast cells outside of 
replication. Mol. Cell 25: 345-355.

Jansen, L. E. T., B. E. Black, D. R. Foltz and 
D. W. Cleveland, 2007 Propagation of 
centromeric chromatin requires exit from 
mitosis. J. Cell Biol. 176: 795-805.

Kim, H. J., J. H. Seol, J. W. Han, H. D. Youn 
and E. J. Cho, 2007 Histone chaperones 
regulate histone exchange during 
transcription. EMBO J. 26: 4467-4474.

Kobor, M. S., S. Venkatasubrahmanyam, M. 
D. Meneghini, J. W. Gin, J. L. Jennings et 
al., 2004 A protein complex containing 
the conserved Swi2/Snf2-related ATPase 
Swr1p deposits histone variant H2A.Z 
into euchromatin. PLoS Biol. 2: E131.

Korber, P., T. Luckenbach, D. Blaschke and W. 
Horz, 2004 Evidence for histone eviction 
in trans upon induction of the yeast PHO5 
promoter. Mol. Cell. Biol. 24: 10965-
10974.

Lin, M. Z., and R. Y. Tsien, 2010 TimeSTAMP 
tagging of newly synthesized proteins. 
Curr. Protoc. Protein Sci. 26: Unit 26 25.

Lindstrom, D. L., and D. E. Gottschling, 2009 
The mother enrichment program: a 

77



genetic system for facile replicative life 
span analysis in Saccharomyces cerevisiae. 
Genetics 183: 413-422, 411SI-413SI.

Logie, C., and A. F. Stewart, 1995 Ligand-
regulated site-specific recombination. 
Proc. Natl. Acad. Sci. USA 92: 5940-5944.

Menendez-Benito, V., S. J. van Deventer, V. 
Jimenez-Garcia, M. Roy-Luzarraga, F. van 
Leeuwen et al., 2013 Spatiotemporal 
analysis of organelle and macromolecular 
complex inheritance. Proc. Natl. Acad. 
Sci. USA 110: 175-180.

Nelson, J., O. Denisenko and K. Bomsztyk, 2009 
The fast chromatin immunoprecipitation 
method. Methods Mol Biol 567: 45-57.

Ouellet, J., and Y. Barral, 2012 Organelle 
segregation during mitosis: Lessons from 
asymmetrically dividing cells. J. Cell Biol. 
196: 305-313.

Radman-Livaja, M., K. F. Verzijlbergen, A. 
Weiner, T. van Welsem, N. Friedman et 
al., 2011 Patterns and mechanisms of 
ancestral histone protein inheritance in 
budding yeast. PLoS Biol. 9: e1001075.

Ray-Gallet, D., A. Woolfe, I. Vassias, C. 
Pellentz, N. Lacoste et al., 2011 Dynamics 
of histone H3 deposition in vivo reveal a 
nucleosome gap-filling mechanism for 
H3.3 to maintain chromatin integrity. 
Mol. Cell 44: 928-941.

Rocha, N., C. Kuijl, R. van der Kant, L. Janssen, 
D. Houben et al., 2009 Cholesterol sensor 
ORP1L contacts the ER protein VAP to 
control Rab7-RILP-p150 Glued and late 
endosome positioning. J. Cell Biol. 185: 
1209-1225.

Rufiange, A., P. E. Jacques, W. Bhat, F. Robert and 
A. Nourani, 2007 Genome-wide replication-
independent histone H3 exchange occurs 
predominantly at promoters and implicates 
H3 K56 acetylation and Asf1. Mol. Cell 27: 
393-405.

Russel, D., K. Lasker, J. Phillips, D. Schneidman-
Duhovny, J. A. Velazquez-Muriel et 

al., 2009 The structural dynamics of 
macromolecular processes. Curr. Opin. 
Cell Biol. 21: 97-108.

Sweet, S. M., M. Li, P. M. Thomas, K. R. Durbin 
and N. L. Kelleher, 2010 Kinetics of Re-
establishing H3K79 Methylation Marks in 
Global Human Chromatin. J. Biol. Chem. 
285: 32778-32786.

Thiriet, C., and J. J. Hayes, 2005 Replication-
independent core histone dynamics at 
transcriptionally active loci in vivo. Genes 
Dev. 19: 677-682.

Tong, A. H., and C. Boone, 2006 Synthetic 
genetic array analysis in Saccharomyces 
cerevisiae. Methods Mol. Biol. 313: 171-
192.

van Leeuwen, F., P. R. Gafken and D. E. 
Gottschling, 2002 Dot1p modulates 
silencing in yeast by methylation of the 
nucleosome core. Cell 109: 745-756.

van Leeuwen, F., and D. E. Gottschling, 
2002 Assays for gene silencing in yeast. 
Methods Enzymol. 350: 165-186.

Verzijlbergen, K. F., V. Menendez-Benito, 
T. van Welsem, S. J. van Deventer, D. L. 
Lindstrom et al., 2010 Recombination-
induced tag exchange to track old and 
new proteins. Proc. Natl. Acad. Sci. USA 
107: 64-68.

Verzijlbergen, K. F., T. van Welsem, D. Sie, 
T. L. Lenstra, D. J. Turner et al., 2011 A 
barcode screen for epigenetic regulators 
reveals a role for the NuB4/HAT-B histone 
acetyltransferase complex in histone 
turnover. PLoS Genet. 7: e1002284.

Walsh, P. S., D. A. Metzger and R. Higuchi, 
1991 Chelex 100 as a medium for simple 
extraction of DNA for PCR-based typing 
from forensic material. Biotechniques 10: 
506-513.

Zee, B. M., R. S. Levin, B. Xu, G. LeRoy, N. 
S. Wingreen et al., 2010 In vivo residue-
specific histone methylation dynamics. J. 
Biol. Chem. 285: 3341-3350.

78







LIMITED EXCHANGE OF HISTONE VARIANT H2A.Z IN 
DYNAMIC NUCLEOSOMES OF NON-REPLICATING CELLS

Marit Terweij, Tibor van Welsem, Iris J.E. Stulemeijer, Hiroyuki Arai,  
and Fred van Leeuwen

In preparation

C H A P T E R  4



ABSTR AC T
H2A.Z is a major variant of H2A and has been implicated in a variety of key cellular 

processes. Deposition of this histone variant is controlled by the SWR1 and INO80 

complexes. These nucleosome remodelers can exchange H2A for H2A.Z and vice 

versa and can thereby mechanistically uncouple deposition of histones from DNA 

replication. Several lines of evidence suggest that H2A.Z influences gene regulation 

by destabilizing chromatin. In vivo, H2A.Z is mostly located in promoter regions, 

where canonical histones are known to be highly dynamic, and loss of H2A.Z leads 

to reduced exchange of histone H3 in yeast. Furthermore, metazoan nucleosomes 

containing H2A.Z, especially those also containing the histone variant H3.3, 

are readily lost under standard experimental procedures in vitro. A nucleosome 

destabilizing effect has also been found in reconstituted nucleosomes. To understand 

the role of H2A.Z in nucleosome dynamics we determined the exchange of H2A.Z 

itself under physiological conditions in vivo by using Recombination-Induced Tag 

Exchange (RITE). Unexpectedly, deposition of new H2A.Z molecules peaked in cells 

undergoing replication. Replication-independent exchange of H2A.Z was equal 

to or even lower than that of H3. Since H2A.Z is unlikely to remain at the DNA 

when H3 has been evicted, these findings suggest that H2A.Z transiently leaves 

the chromatin and is re-deposited. Ectopically overexpressed H2A.Z protein was 

readily incorporated into chromatin and partially replaced resident H2A.Z, lending 

support for a recycling model for H2A.Z. Whereas new H2A.Z is assembled in a 

replication-dependent manner, resident H2A.Z in non-replicating cells is dynamic 

but reassembled. We propose that H2A.Z recycling can facilitate nucleosome 

dynamics and thereby modulate the binding of transcription factors, while ensuring 

that histone proteins carrying their epigenetic marks are maintained. 
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INTRODUC TION
The eukaryotic genome is packaged into chromatin. The basic unit of chromatin is 

the nucleosome, which consists of ~146 bp of DNA wrapped around an octamer 

of the canonical histone proteins H2A, H2B, H3, and H4. It is now well established 

that chromatin is a very dynamic structure that influences the gene expression 

profile of the cell (Boeger et al., 2003; Deal and Henikoff, 2010; Dion et al., 2007; 

Jamai et al., 2007; Verzijlbergen et al., 2010). There are several ways by which 

chromatin structure can be altered. Post-translational modifications (PTMs) on 

histone proteins, such as acetylation and methylation can form binding sites for 

the recruitment of other proteins, or they can prevent other proteins from binding 

(Armache et al., 2011; Avvakumov et al., 2011; Babiarz et al., 2006; Sampath et 

al., 2009). Alongside the four canonical histones, there are a number of histone 

variants known that have special functions in the cell. A well-known example is 

histone H3.3, a variant of H3, which is incorporated in a replication-independent 

manner (Ahmad and Henikoff, 2002; Chow et al., 2005; Dunleavy et al., 2011; Mito 

et al., 2005). In this study we focused on the major variant of histone H2A, H2A.Z. 

This variant is highly conserved throughout evolution and has a role in diverse cell 

processes, such as chromosome segregation, heterochromatin silencing, and cell 

cycle progression (reviewed in (Zlatanova and Thakar, 2008)). 

The abundance of H2A.Z in promoter regions points to a role for H2A.Z in gene 

regulation, one possible function being poising genes for activation (Guillemette et 

al., 2005). H2A.Z in promoter regions is predominantly located in the nucleosomes 

flanking the nucleosome depleted region (NDR) around the transcription start 

site (TSS) (Albert et al., 2007; Guillemette et al., 2005; Petter et al., 2011). The 

incorporation of H2A.Z has been suggested to be replication-independent (Skene 

and Henikoff, 2013). H2A.Z is loaded into chromatin by the SRCAP and p400/

Tip60 complexes in mammalian cells. Histone acetylases Tip48 and Tip49 promote 

this activity by acetylation of nucleosomal H2A (Choi et al., 2005). In yeast, the 

SWR1 complex incorporates H2A.Z-H2B dimers by replacing H2A-H2B (Altaf et 

al., 2010; Luk et al., 2010; Morillo-Huesca et al., 2010). This deposition of H2A.Z 

by SWR1 is stimulated by acetylation of the tails of histones H4 and H2A by the 

NuA4 histone acetyltransferase complex (Altaf et al., 2010; Keogh et al., 2006). In 

subtelomeric regions, acetylation of lysine 16 in the H4 tail by SAS-I is required for 

H2A.Z deposition (Shia et al., 2006). Surprisingly, a recent study showed that the 

SWR1 complex can also perform replacement in the opposite direction, replacing 

H2A.Z-H2B with H2A-H2B, when stimulated by acetylation of lysine 56 on histone 

H3 (H3K56ac) (Watanabe et al., 2013). Another complex related to the SWR1 

complex, the INO80 complex, can also remove H2A.Z from chromatin (Papamichos-

Chronakis et al., 2011). H2A.Z can be acetylated on its N-terminal tail by the NuA4 

and SAGA complexes in yeast (Babiarz et al., 2006; Ishibashi et al., 2009; Keogh 
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et al., 2006; Mehta et al., 2010; Millar et al., 2006). This acetylation occurs mostly 

on promoter-located H2A.Z. Indeed, the INO80 complex is found mostly in coding 

regions and in cells with a deficient INO80 complex, unacetylated H2A.Z accumulates 

in coding regions, suggesting that the INO80 complex removes unacetylated 

H2A.Z from these regions (Papamichos-Chronakis et al., 2011).  Structural studies 

have shown that nucleosomes containing H2A.Z are less stable than their H2A-

containing counterparts in vitro (Suto et al., 2000). Double variant nucleosomes, 

containing H2A.Z as well as H3.3 seem to be particularly unstable (Henikoff, 2009; 

Jin and Felsenfeld, 2007; Jin et al., 2009). Since H3.3 is also located at promoter 

regions (Henikoff, 2009), it has been suggested that these unstable double 

variant nucleosomes actually occupy the NDR, but this goes undetected because 

the unstable nucleosomes are lost during conventional biochemical fractionation 

techniques (Henikoff, 2009). In vivo, unstable nucleosomes containing H2A.Z and 

H3.3 may be easier to remove from the chromatin, thereby revealing transcription 

factor binding sites and facilitating transcription regulation.

Together, these findings describe a strong association between the presence 

of H2A.Z and nucleosome dynamics. However, little is known about the dynamics 

of H2A.Z in vivo. Here, we used Saccharomyces cerevisiae as a model organism 

to study the exchange of H2A.Z under physiological conditions and endogenous 

expression levels. To discriminate between old, existing histones and newly 

synthesized ones we used Recombination-Induced Tag Exchange (RITE) (Terweij 

et al., 2013; Verzijlbergen et al., 2010), a genetic pulse-chase assay (Fig. 1). 

Although H2A.Z can be exchanged by replication-independent mechanisms, the 

majority of new H2A.Z deposition occurred in cells that undergo replication. In 

non-replicating, G1-arrested cells, H2A.Z exchange was equal to or lower than 

H3 exchange. Disassembly of nucleosomes occurs by first evicting H2A-H2B (or 

H2A.Z-H2B) dimers and then removing of H3-H4 tetramers. Thus, the observations 

made in this study suggest that evicted old H2A.Z molecules are reassembled while 

evicted histone H3 proteins are replaced by new ones. A recycling model of H2A.Z 

was supported by misregulated overexpression of H2A.Z. The extra H2A.Z proteins 

were readily incorporated into chromatin in non-replicating cells and replaced part 

of the resident H2A.Z, indicating that H2A.Z-containing nucleosomes are dynamic 

structures. Our findings show that in a dynamic nucleosome, the different histones 

can have different fates when evicted. In nucleosomes where H3 is evicted and 

replaced by new H3 protein, evicted H2A.Z can be recycled. This process uncouples 

destabilization of nucleosomes from replacement of modified histones by new 

naïve ones and may thereby help to preserve epigenetic signals present on H2A.Z. 

Interestingly, H2A.Z is overexpressed in several types of cancer. It will be interesting 

to determine if this tips the balance from recycling to exchange and thereby alter 

the fate of evicted histones and promoting the erasure of epigenetic states.  
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MATERIALS AND METHODS
Strains and growth conditions

Yeast strains were cultured under standard conditions (van Leeuwen and Gottschling, 

2002). Yeast strains used in this study are detailed in Table 1. UCC7179 was derived 

from BY4705a (van Leeuwen and Gottschling, 2002). NKI6061 was derived from 

a cross between BY4727 (Brachmann et al., 1998) and the arg4::KanMX deletion 

mutant from the MATA knock-out collection. Strains were grown in YEPD (1% yeast 

extract, 2% bacto peptone, 2% glucose) in shaking flasks at 30°C. To select for 

Hygromycin resistance, cells were grown in YEPD containing 200 µg/ml Hygromycin. 

For RITE+ experiments, strains were grown in YEPraf (1% yeast extract, 2% bacto 

peptone, 3% raffinose) pre- and post-switch, and strains were released (4h and G1 

samples) in YEPgal (1% yeast extract, 2% bacto peptone, 3% galactose) in shaking 

flasks at 30°C.

Whole-cell extracts in SUMEB

Samples of 2x108 cells were harvested and washed with 10 mM Tris pH 8, 1 mM 

EDTA (TE) containing 0.2 mM PMSF. Cell pellets were stored at -80°C until further 

processing, but at least thirty minutes. Whole-cell extracts were prepared in SUMEB 

Table 1

Name Relevant genotype Ref*

NKI6061 MATa his3Δ200 leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 lys2Δ0 arg4Δ::KanMX This study

BY4733 MATa his3Δ200 leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 CB

NKI8001 BY4733; bar1Δ::HISG his3::HIS3-PTDH3-CRE-EBD78 MT

NKI2176 BY4733; hht1-hhf1::MET15 bar1Δ::HisG his3Δ200::HIS3-PTDH3-CRE-EBD78 MT

NKI8013 NKI2176; hht2::HHT2-LoxP-HA-6xHis This study

NKI8050 NKI2176; hht2::HHT2-LoxP-V5-TADH1-HphMX-LoxP-HA-6xHis MT

NKI8036 NKI8001; htz1::HTZ1-LoxP-HA-6xHis This study

NKI8053 NKI8001; htz1::HTZ1-LoxP-V5-TADH1-HphMX-LoxP-HA-6xHIS MT

NKI8056 NKI2176; hht2::HHT2-LoxP-HA-6xHis- TADH1-HphMX-LoxP-V5 MT

NKI8057 NKI8001; htz1::HTZ1-LoxP-HA-6xHis-TADH1-HphMX-LoxP-V5 This study

NKI8058 NKI2176; hht2::HHT2-LoxP-V5 MT

NKI8059 NKI8001; htz1::HTZ1-LoxP-V5 MT 

NKI2359 NKI8050; PHO::PGAL1- HHT2-HA-6xHis This study

NKI2359p NKI2176; hht2::HHT2-LoxP-HA-6xHis PHO::PGAL1- HHT2-HA-6xHis This study

NKI2364 NKI8053; PHO::PGAL1- HTZ1-HA-6xHis This study

NKI2364p NKI8001; htz1::HTZ1-LoxP-HA-6xHis PHO::PGAL1- HTZ1-HA-6xHis This study

UCC7179 MATa his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 ade2Δ::hisG ADE2-
TEL-VR htz1Δ::URA3

This study

*(Brachmann et al., 1998; Terweij et al., 2013) 

85



(1% SDS, 8 M Urea, 10 mM MOPS pH 6.8, 10 mM EDTA, 0.01% bromophenol 

blue) containing protease inhibitors (1 mM PMSF, 1 mM DTT, 5 mM benzamidine, 1 

µg/ml pepstatin, 1 µg/ml leupeptin) by glass bead disruption in a multivortex. The 

resulting lysate was incubated for 10 minutes at 65°C and subsequently clarified by 

centrifuging 5 minutes at 14000 rpm. Samples were stored at -20°C. Prior to gel 

separation, samples were incubated for 5 min. at 65°C and centrifuged for 1 min. 

at 14000 rpm at room temperature.

Chromatin Association Assay (CAA)

Samples of 2x108 cells were harvested in 50-ml tubes and paralyzed with 0.1% 

final concentration sodium azide. Samples were centrifuged for 2 min at 3000 

rpm at room temperature. Samples were washed once with 25 ml H2O at room 

temperature and centrifuged for 2 min. at 3000 rpm at room temperature. Cells 

were resuspended in 0.5 ml pre-spheroplast buffer (100 mM PIPES KOH pH 9.4, 10 

mM DTT) and incubated for 30 min. at 30°C while shaking. Cells were centrifuged 

for 2 min. at 3000 rpm at room temperature and resuspended in 0.3 ml spheroplast 

buffer (50 mM KPO4, 0.6 M sorbitol, 10 mM DTT, 0.5 mM PMSF) with 27 units of 

Lyticase. Cells were incubated 30 min. at 30°C, shaking. Formation of spheroplast 

was determined by microscopy and was at least 95%. Cells were centrifuged 3 min. 

at 3000 rpm at room temperature and resuspended in 150 µl lysis buffer (20 mM 

PIPES pH 6.8, 150 mM NaCl, 0.4 M sorbitol, 50 mM KOAc, 3 mM MgAc2, 0.5 mM 

PMSF, Protease Inhibitor Cocktail mini EDTA free (Roche), 1 tablet/5 ml lysis buffer) 

using a wide-bore tip and transferred to a 1.5-ml tube. Samples were kept on ice 

from this step onwards. Cells were centrifuged for 2 min. at 4000 rpm at 4°C. 

Supernatant was discarded and cells were resuspended in 75 µl lysis buffer using a 

wide-bore tip. To lyse the cells, 0.1% final concentration of Triton-X100 was added 

and mixed by flicking the tube. Samples were incubated on ice for 5 min.  A whole-

cell extract sample was taken and samples were centrifuged for 5 min. at 14000 

rpm at 4°C. The supernatant (cytoplasm) was transferred to a new 1.5-ml tube. The 

pellet (nuclei) was washed with 200 µl lysis buffer with 0.1% final concentration 

Triton-X100 (wide-bore tip) and centrifuged for 5 min. at 14000 rpm at 4°C. The 

supernatant was discarded. Nuclei were resuspended in 75 µl lysis buffer (wide-

bore tip) and Trition-X100 was added to 1% final concentration to lyse the nuclei. 

Samples were incubated for 5 min. on ice. Samples were centrifuged for 15 min. at 

12000 rpm at 4°C. The supernatant (nucleoplasm) was transferred to a new 1.5-ml 

tube. The pellet (chromatin) was resuspended in 2x Sample Buffer (wide-bore tip) 

and subsequently sonicated for 3 min. in a Bioruptor with 30 sec. on/off cycles at 

high power. Samples were incubated for 10 min. at 95°C. To whole-cell extract, 

cytoplasm, and nucleoplasm samples 1x Sample Buffer was added and samples 

were incubated for 10 min. at 95°C. Samples were stored at -20°C. Prior to gel 

separation, samples were incubated for 5 min. at 95°C. 
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Protein detection by immunoblot and antibodies

Prior to immunoblotting, 3-8 µl of lysate was separated on a 16% polyacrylamide 

gel. Separated proteins were transferred to a 0.45 µm nitrocellulose membrane 

for one (H3 and H2B) or 1.5 (when Pgk1 was detected on the same membrane) 

hours at 0.1 A. Membranes were blocked with PBS containing 2% or 5% Nutrilon 

(Nutricia) for one hour, first antibody incubations were done either for two hours 

at room temperature or overnight at 4°C in TBST with 2% Nutrilon. After washing 

three times in TBS containing 10% Tween-20 (TBST), secondary antibody incubation 

was performed in TBST with 2% Nutrilon and LI-COR Odyssey IRDye 800CW or 

IRDye 700CW antibody at 1:10,000 for 45 minutes at room temperature in the 

dark followed by two times 10-minute wash in TBST and one time 10-minute wash 

in PBS. Membranes were scanned using a LI-COR Odyssey IR Imager (Biosciences) 

and analyzed using the Odyssey LI-COR software package version 3.0 or the 

image studio software package. Antibodies used in this study are Pgk1 (A-6457, 

Invitrogen), histone H2B (39238, Active Motif), histone Htz1 (Active motif), HA 

(12CA5), V5 (R960-25, Invitrogen), histone H3 and LoxP (Verzijlbergen et al., 2010). 

Chromatin Immunoprecipitation (ChIP)

For ChIP, cells were grown to mid-log phase in YEPD with 200 µg/ml Hygromycin for 

pre-switch strains, or YEPD for post-switch strains. Samples of 1-3x109 cells were 

taken, fixed for 10 minutes in 1% formaldehyde and washed with cold TBS. Pellets 

were stored in 12 ml flat bottom-tubes or 2 ml screw-cap tubes at -80°C until 

further processing. Cells in 12 ml tubes were disrupted in 300 µl breaking buffer 

(100 mM Tris pH 7.9, 20% glycerol, protease inhibitor cocktail EDTA-free (Roche)) 

with 400 µl glass beads in a multivortex for 20 minutes at 4°C. Cells in screw-cap 

tubes were disrupted in 200 µl breaking buffer with 500 µl glass beads in a bead 

beater in a 4°C cold block for 2 minutes. Lysis was at least 70%, as determined 

by microscopy. Lysates were transferred to 1.5 or 2 ml tubes and 1 ml FA buffer 

(50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% 

Na-deoxycholate, protease inhibitor cocktail EDTA-free) was added. The mixture 

was centrifuged for 1 minute at 14000 rpm at 4°C, and the pellet was washed 

once more with FA buffer. The pellet was resuspended in 450 µl FA, divided over 

two 1.5 ml tubes and sonicated for 6-7 minutes in a Bioruptor (Diagenode) with 

30 second on-off cycles on high power. Lysates were cleared by centrifugation for 

5 minutes at 4°C at 14000 rpm. Supernatant containing chromatin was transferred 

to 1.5 ml tube and 1 ml FA was added to samples of the 12 ml tubes. Screw-cap 

tube chromatin samples were treated with Micrococcal Nuclease (MN) to generate 

mononucleosomes. For these samples, 800 µl final buffer (15 mM Tris pH 7.4, 50 mM 

NaCl, 1.5 mM CaCl2, 5 mM β-mercaptoethanol, 5 mM MgCl2) was added. Samples 

were incubated with 30 units of MN (Fermentas) at 37°C for 20 minutes. The 

reaction was stopped by adding EGTA and EDTA to a final concentration of 10 mM 
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and placing tubes on ice. The chromatin solution was centrifuged for 15 minutes at 

14000 rpm at 4°C; the supernatant was transferred to a new 1.5 ml tube and stored 

at -20°C. Magnetic dynabeads coupled with Protein G (Dynal) were incubated in 

PBS containing 5 mg/ml BSA with antibody for at least four hours at 4°C. 200 (for 

12 ml tube samples) or 400 (for screw-cap samples) µl soluble chromatin was added 

to prepared dynabeads and incubated rotating overnight at 4°C. Then 1 ml of FA 

buffer was added and samples were incubated rotating for 5 minutes at RT. The 

samples were washed twice with each of the buffers FA, FA-HS (50 mM HEPES-KOH 

pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate), 

RIPA (10 mM Tris pH 8, 250 mM LiCl, 0.5% NP-40, 0.5% Na-deoxycholate, 1 mM 

EDTA). Finally, the samples were washed once with TE (10 mM Tris pH8, 1 mM 

EDTA). 100 µl elution buffer (50 mM Tris pH 8, 10 mM EDTA, 1% SDS) was added 

to the samples and incubated for 10 minutes at 65°C. Subsequently the samples 

were centrifuged 1 minute at 14000 rpm and 80 µl supernatant was collected. 

70 µl TE was added to samples and cross links were reversed in 0.625 mg/ml ProtK 

and 3 µg/ml RNaseA incubated for 1 hour at 50°C and subsequently overnight at 

65°C. For input samples, 20 (for 12 ml tube samples) or 40 (for screw-cap samples) 

µl chromatin solution was combined with 60 µl elution buffer and 70 µl TE, and 

treated in the same manner as IP samples to reverse cross links. DNA was purified 

by using the High Pure PCR Product Purification Kit (Roche). 

Reverse transcription

Total yeast mRNA was prepared from 4x107 using the RNeasy kit (Qiagen) according to 

the manufacturer’s manual using mechanical disruption of the cells. mRNA was treated 

with DNAse and cDNA was made as described previously (Verzijlbergen et al., 2010). 

Quantitative PCR

Quantitative real time-PCR (qPCR) was performed with SYBRgreen master mix 

(Applied Biosystems or Roche) according to the manufacturer’s manual. IP and cDNA 

samples were diluted 10 times, and input samples were diluted 100 times before 

analyzing by qPCR on a 7500 Fast Real-Time PCR system (Applied Biosystems) or 

LightCycler 480 II (Roche). qPCR primers are shown in Table 2.

FACS analysis of cell cycle progression

The DNA content was measured using SYTOXGreen in flow cytometry using a 530/30 

filter on a FACS calibur (Becton-Dickinson) as described previously (Haase and Reed, 

2002; van Welsem et al., 2008) For FACS analysis of DNA content samples of 1x107 

cells were collected, centrifuged for 10 sec. at full speed, resuspended in 1 ml 

70% ethanol, and stored at -20C until further processing. For each measurement 

100,000 cells were counted. Analysis was performed using FCS express 2. 
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RESULTS
Global exchange of H2A.Z is similar to that of H3 and peaks  
in replicating cells

To determine the stability of H2A.Z in the yeast epigenome, we made use of RITE 

to simultaneously monitor old histones and newly synthesized ones. RITE enables 

conditional switching of epitope tags by controlling Cre-recombination in a 

hormone-dependent manner (Fig. 1). A RITE cassette was introduced at the HTZ1 

gene, encoding H2A.Z in budding yeast. As a comparison, the same cassette was 

introduced at HHT2, the sole gene encoding H3 in strains where HHT1 has been 

deleted. A RITE cassette was used that results in a switch from a V5 tag (V5, old 

tag, pre-switch) to an HA-6xHIS tag (HAH, new tag, post-switch) (Fig. 1), based on 

previous optimizations (Terweij et al., 2013). Strains lacking H2A.Z are viable but 

are sensitive to caffeine and somewhat cold-sensitive (Morillo-Huesca et al., 2010). 

Strains carrying RITE tags on H2A.Z behaved like wild-type strains when grown 

in the presence of caffeine or at low temperature, showing that the RITE tags on 

H2A.Z did not functionally compromise H2A.Z (Fig. 2). Similarly, RITE tags on the 

essential H3 protein did not affect the growth of yeast cells under the conditions 

examined (Fig. 2). To determine the global levels of H2A.Z exchange (loss of old, gain 

of new), an arrest-release protocol was used (Fig. 3A): cells were arrested by nutrient 

starvation, incubated in the presence of estradiol to activate Cre-recombinase and 

induce the tag-switch in the genome, and finally released into fresh media to let them 

Table 2

Primer Sequence

PTC6_Qfor ATCGGGGCAATTAAGCATC

PTC6_Qrev CCCGTAACAAGTCCAGCTTC

RSA4_Qfor TCTCTGGGAAGTTGAGCCTCTT

RSA4_Qrev CACAATATACAGATGTCCACCCTGAT

ABP1_Qfor CCTATCAATCACAATGGCTTTGG

ABP1_Qrev TCGGAGCCTCTGACAATCTTC

SpLoxP_Qfor GGTGGATCTGGTGGATCTATAA

V5_Qrev AGACCGAGGAGAGGGTTAGG

HAHIS_Qrev TGCGCATAGTCAGGAACATC

HTZ1orf_Qfor GGATCCAAAGCTGCCATTTA

HTZ1orf_Qrev ATCCTTGGCTGCATTACCAG

HHT2_Qfor2 AAGCCCCAAGAAAACAATTAGC

HHT2_Qrev2 TGGCTTATATCTGTGAGGCTTCTTAA

ADH1 ORF II fwd TAGGTTCTTTGGCTGTTCAATACG

ADH1 ORF II rev CGGAAACGGAAACGTTGATGACACCG
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Figure 1. Outline of Recombination-Induced Tag Exchange (RITE). Following integration of a RITE 
cassette behind the gene of interest (GENE), recombination between LoxP sites is induced by Cre 
recombinase, causing a permanent switch from V5 (old tag) to HA-6xHIS (HAH; new tag) in the 
coding sequence for the protein of interest. S, spacer; L, LoxP recombination sites (which are also 
part of the coding sequence); TADH1, ADH1 terminator; HphMX, Hygromycin resistance cassette.

Figure 2. Growth of strains expressing RITE tags on histone H3 or H2A.Z. Strains were spotted 
in a 10-fold dilutions series on YEPD or YEPD containing 10 mM caffeine. Plates were grown at 
30°C or 23°C for three days. A htz1Δ strain was used as control.  Strains are listed in Table 1.

re-enter the cell cycle. The release was performed in the absence and presence of 

alpha factor to obtain cells going through S-phase and non-replicating cells arrested 

in G1, respectively. Global histone exchange was analyzed at two release time 

points using immunoblot analysis using whole-cell extracts. The trend of exchange 

of H2A.Z was similar to that of H3 (Figs. 3B-D). Exchange was low in starvation, 

higher in G1 arrest, and highest in replicating cells. However, unexpectedly, the 

levels of exchange of H2A.Z in G1 were lower than that of H3. Arrest and release 

of the cells was confirmed by FACS (Fig. 4) and was similar for H2A.Z- and H3-RITE 
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Figure 3. Global exchange of histone H2A.Z compared to that of H3. A) Experimental set up, 
see text. B) Representative Anti-LoxP immunoblot of H2A.Z exchange (NKI8053). Old H2A.Z 
(V5 tag) and new H2A.Z (HAH tag) can be distinguished due to their different mobility on 
polyacrylamide gels. An antibody against the spacer-LoxP sequence simultaneously detects old 
and new RITE-tagged proteins. Histone H2B was used as loading control. C) Representative 
anti-LoxP immunoblot of H3-RITE tagged proteins during a switch (NKI8050). H2B was used 
as loading control. D) Quantification of H3 and H2A.Z exchange during switch experiments. 
Average of seven biological replicates ± SEM.

strains. Differential mRNA stability is another possible confounder when comparing 

protein stability by RITE. If, following a Cre-mediated switch at the DNA level, the 

mRNA encoding the old tag is stable, newly synthesized proteins will still carry an 

old tag, thereby leading to underestimation of the amount of new protein synthesis. 

RT-qPCR analysis showed that the differences in protein stability between H3 and 

H2A.Z were not caused by differences in mRNA levels between HHT2 and HTZ1 

(Fig. 5). Following induction of the tag switch in starved cells, the old mRNA of 

HHT2 as well as HTZ1 was degraded during starvation and reduced to background 

levels before the time of release (Fig. 5). Thus, analysis of H2A.Z dynamics by RITE 

revealed two unexpected findings. First, exchange of H2A.Z is low in G1 cells and 

predominantly occurs in replicating cells, despite the fact that this histone variant 

can be deposited into and removed from nucleosomes by replication-independent 

mechanisms. Second, H2A.Z dynamics is lower than expected since many lines of 

evidence point to a role for H2A.Z in nucleosome destabilization. 
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Global exchange of bulk H2A.Z reflects exchange changes in chromatin 

Although histones not incorporated into chromatin are typically rapidly degraded 

(Keogh et al., 2006; Kobor et al., 2004; Morillo-Huesca et al., 2010; Singh et al., 

2010; Wang et al., 2009), bulk H2A.Z exchange in the cell may not reflect exchange 

in chromatin if H2A.Z is evicted but retained in the cell in a soluble form. We 

first determined the chromatin-bound and soluble pools of H3 and H2A.Z using a 

chromatin association assay (CAA) involving a stepwise fractionation of a whole-

cell extract (Fig. 6A). Wild-type H3 and H2A.Z as well as their RITE-tagged versions 

Figure 4. Cell cycle arrest and progression of H2A.Z and H3 RITE strains. Analysis of DNA 
content by flow cytometry of H3 RITE (NKI8050) and H2A.Z RITE (NKI8053) during a arrest-
switch-release experiment as described in Fig. 3A. 

Figure 5. Rapid loss of mRNA encoding old histones during a switch experiment. A) Tag-
specific mRNA levels of H3-RITE during a switch-release experiment (NKI8050). B) Tag-specific 
mRNA levels H2A.Z-RITE during a switch-release experiment (NKI8053). Average of three 
biological replicates ± SEM.
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Figure 6. Wild-type and RITE-tagged histone H3 and H2A.Z are predominantly bound to 
chromatin. A) Immunoblots of a Chromatin Association Assay using a WT strain (NKI6061). H3, 
H2B, Hmo1, and Sir2 were used as controls for chromatin bound proteins; Pgk1 is a cytoplasmic 
protein; RNA polymerase II (PolII) has been reported to be present both in the cytoplasm and 
bound to DNA. WCE, whole-cell extract; cytopl, cytoplasm; wash1, wash step of the nuclear 
pellet; NP, nuclear pellet; NS, nuclear supernatant; wash2, wash step of chromatin; chrom, 
chromatin. B) Immunoblot comparison of H3 and H2A.Z RITE strains (NKI2176; NKI8050; 
NKI8058; NKI8001; NKI8053; NKI8059). Fractionation of each histone was determined in a 
WT strain and V5- and HAH-RITE strains. SUME, whole-cell extract using SUME lysis buffer. C) 
Comparison of H2B fractionation in a WT strain and H3- and H2A.Z-RITE strains.

were predominantly recovered in the chromatin fraction (Figs. 6A-C), confirming 

that the soluble pool of histones is low and that immunoblot analysis of bulk 

histones in whole-cell extracts reports on global  changes in chromatin-bound 

histones. Second, we examined the exchange of H2A.Z in chromatin at specific 

loci by chromatin immunoprecipitation (ChIP). Three previously used reporter loci 
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Figure 7. Steady state abundance of H2A.Z at different genomic loci. Four loci were selected 
based on previous data (Albert et al., 2007; Kobor et al., 2004) that have high (PTC6), high/
medium (RSA4), medium (ABP1), and low (SPA2) H2A.Z abundance in log phase. A) Abundance 
of H2A.Z-V5 was determined with respect to abundance of H3-V5 (each IP/input). B) Abundance 
of H2A.Z-HA-6xHis with respect to H3-HA-6xHis. Average of three biological replicates ± SEM.

were selected: PTC6 and RSA4 (high H2A.Z occupancy) and ABP1 (intermediate 

H2A.Z occupancy) and SPA2 (low H2A.Z occupancy) (Albert et al., 2007; Kobor 

et al., 2004). H2A.Z levels in our RITE strains were confirmed by ChIP analysis on 

log-phase cells (Fig. 7). Next we determined local histone exchange during the arrest-

switch-release protocol. H2A.Z exchange peaked in replicating cells and was lower 

than histone H3 exchange in G1-arrested cells (Fig. 8). These results are generally 

consistent with the bulk levels of exchange observed by immunoblot analysis (Fig. 

3). The relative stability of H2A.Z when compared to histone H3 is unexpected 

based on the intimate connection of H2A.Z with nucleosome instability. H2A.Z 

destabilizes nucleosomes in vitro and promotes H3 exchange in vivo. Furthermore, 

H2A-H2B or H2A.Z-H2B dimers are typically more easily lost from nucleosomes 

than H3-H4 tetramers under in vitro conditions and elegant assembly studies have 

shown that H2A-H2B dimers are unlikely to remain bound to DNA in the absence 

of H3-H4 tetramers. Importantly, the majority of H2A.Z in yeast is localized in 

dynamic nucleosomes, i.e. nucleosomes in which histone H3 undergoes high levels 

of histone exchange. The relative stability of H2A.Z in non-replicating cells that we 

observed here suggests that histone H3 and H2A.Z might have different fates when 

evicted from dynamic nucleosomes. The lower exchange of H2A.Z might suggest 

that following transient eviction, H2A.Z is recycled, while H3 is exchanged.

Misregulation of H2A.Z expression promotes exchange

A biochemical approach to studying nucleosome dynamics is the use of competition 

assays to test if transiently evicted histone proteins can be captured by ectopic DNA. 

As an alternative approach that is applicable to our in vivo assays, we designed a 
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Figure 8. Global exchange of H3 and H2A.Z reflects exchange in chromatin. Exchange of 
H2A.Z and H3 (new/old, HAH/V5) was determined by ChIP-qPCR for three regions in the 
genome: A) PTC6; B) RSA4; C) ABP1. Average of three biological replicates ± SEM. Strains 
NKI8050 and NKI8053.
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competition assay by ectopic overexpression of H2A.Z, whereby incorporation into 

nucleosomes and replacement of existing H2A.Z in non-replicating cells indicates that 

resident H2A.Z is not stably incorporated into nucleosomes (Cheng and Gartenberg, 

2000). To that extent, we employed the RITE assay, in which the tagged histone 

genes are under control of their endogenous promoters, in combination with an extra 

copy of new H2A.Z or H3 under control of the galactose-inducible GAL1 promoter 

integrated at the HO locus (RITE+, Fig. 9). For analysis of histone exchange by RITE+, 

cells were grown, arrested by starvation, and switched in media containing raffinose 

as a neutral carbon source. Cells were released in galactose media to induce the 

GAL1 promoter. Under these conditions, new histones are synthesized from the 

endogenous locus as well as the rapidly induced ectopic copy. Since yeast cells grow 

slower in galactose than glucose media (Fig. 10), the kinetics of release and exchange 

are not directly comparable. Therefore, regular RITE strains lacking the ectopic new 

copy were grown under identical conditions and used for comparison. Ectopic 

Protein 

V5 

S L L TADH1 HphMX V5 HAH GENE 

Induce Cre-Recombinase 

Pre-recombination 

Post-recombination 

S L HAH GENE 

S L HAH GENE 

Release in Galactose 

S L HAH GENE 

Protein 

HA Protein 

HA 

PGAL1 

PGAL1 

Figure 9. Outline of RITE+ assay to introduce ectopic copies of new RITE-tagged proteins. RITE 
is targeted to the endogenous locus of the gene of interest and thereby under control of the 
endogenous promoter. In addition, a copy of the gene tagged with the new tag is introduced 
at the HO locus and under control of the galactose-inducible GAL1 promoter (PGAL1). In the 
presence of glucose or raffinose, and before the switch of the endogenous RITE-tagged gene, 
the extra copy is not induced. After inducing a switch of the endogenous copy, the cells are 
released in galactose-containing media, which leads to expression of the endogenous copy as 
well as early and ectopic expression of the PGAL1-driven copy.
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Figure 10. Ectopic expression of H2A.Z or H3 does not alter cell cycle progression during 
a switch-release assay. Analysis DNA content by flow cytometry of RITE and RITE+ strains 
(NKI8050; NKI8053; NKI2359; NKI2364) as described in Figs. 11-12. 
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expression led to increased new H2A.Z levels in the cell (Fig. 11). In addition, the 

bulk level of old H2A.Z decreased. Applying RITE+ to H3 led to a modest increase 

in new histone protein (Fig. 11). The magnitude of the effect was much smaller 

than that of H2A.Z, possibly due to the higher levels of histone H3 already present 

in the cell compared to H2A.Z, which is present in only a fraction of the genome. 

ChIP analyses confirmed that ectopic H2A.Z expression led to exchange of H2A.Z in 

chromatin and that histone H3 exchange was less affected (Fig. 12). Together, the 

in vivo competition assay suggests that despite the low level of histone exchange 

observed under physiological conditions, H2A.Z is not stably bound to nucleosomes.

DISCUSSION
H2A.Z is a multi-functional variant of H2A that has been implicated in various 

key cellular processes. Many studies point to a role for H2A.Z in influencing gene 

regulation by nucleosome dynamics. Indeed, it has become evident that histone 

dynamics can be used by the cell as a mechanism to alter chromatin structure and 

function. However, the mechanisms by which H2A.Z acts in vivo in this process 

are still poorly understood. Here we used a combination of in vivo assays to track 

the dynamic properties of H2A.Z itself. Unexpectedly, H2A.Z exchange is high in 

replicating cells but limited in non-replicating cells in G1, even in nucleosomes that 

undergo exchange of histone H3. 

Since disassembly of nucleosomes occurs by first evicting H2A-H2B (or H2A.Z-

H2B) dimers and then removing of H3-H4 tetramers, these observations suggest 

that evicted old H2A.Z molecules are reassembled while evicted histone H3 proteins 

are replaced by new ones. Misregulated overexpression of H2A.Z supports such 

a recycling model of H2A.Z. The extra H2A.Z proteins were readily incorporated 

into chromatin in non-replicating cells and replaced part of the resident H2A.Z, 

indicating that H2A.Z-containing nucleosomes are dynamic structures. Our findings 

suggest that in a dynamic nucleosome, the different histones can have different 

fates when evicted. In nucleosomes where H3 is evicted and replaced by new H3 

protein, evicted H2A.Z can be recycled (Fig. 13). 

There is some evidence that such recycling mechanisms are more generally 

applied by the cell. The HIR complex in yeast has been suggested to reassemble H3 

in cis (Kim et al., 2007), and the histone chaperone Asf1 has been shown to bind to 

H3-H4 dimers harboring chromatin-associated PTMs during DNA replication stress 

(Groth et al., 2007). Two chaperones have been identified for H2A.Z: Nap1 which 

is implicated in the nuclear import of H2A and H2A.Z, and Chz1 which is a nuclear 

chaperone exclusive for H2A.Z (Andrews et al., 2010; Billon and Côté, 2012; Liu 

and Churchill, 2012; Luk et al., 2007; Mosammaparast et al., 2002; Straube et 

al., 2010). However, deletion of these chaperones, alone or in combination, did 

not alter global exchange of bulk H2A.Z (data not shown). This result suggests 
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Figure 11. Ectopic expression increases the dynamics of H2A.Z. A) Representative anti-LoxP 
immunoblot of exchange of H2A.Z in the absence (-) or presence (+) of an ectopic galactose-
induced copy (strains NKI8053 and NKI2364). H2B was used as loading control. Experimental 
set up is the same as for Fig. 3A except for the use of different carbon sources. B) Representative 
anti-LoxP immunoblot of H3 exchange with and without ectopic H3 expression. (strains 
NKI8050 and NKI2359). C-F) Quantification of anti-LoxP immunoblots of H2A.Z and H3 for 
RITE or RITE+. Average of three biological replicates ± SEM.
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Figure 12. Local exchange of H3 and H2A.Z in RITE+. ChIP-qPCR analysis of exchange of 
histone H2A.Z and H3 in RITE and RITE+ strains at three genomic loci: PTC6, RSA4, and ABP1. 
Average of three biological replicates ± SEM.

that there are redundant mechanisms that deliver H2A.Z to the SWR1 complex. 

More subtle or localized effects of Nap1 or Chz1 may be detected by chromatin 

association assays or ChIP experiments. For example, it has recently been shown 

that there is a dynamic relocalization of H2A.Z during the cell cycle of mouse 

trophoblast cells (Nekrasov et al., 2012). 

H2A.Z is found mostly in promoter regions, where H3 is known to have a high 

exchange (Dion et al., 2007; Jamai et al., 2007; Verzijlbergen et al., 2010). Also 
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H2A.Z localization negatively correlates with localization of H3K56acetylation, 

which is a mark for new H3 and is correlated positively with H3 exchange (Kaplan 

et al., 2008; Rufiange et al., 2007). A recent study showed that H3K56ac stimulates 

the SWR1 complex to replace H2A.Z in the nucleosome by H2A, whereas H3K56 

that is not acetylated stimulates the SWR1 complex to replace H2A by H2A.Z 

(Watanabe et al., 2013). Watanabe et al. hypothesize that this is a mechanism 

of the cell to open up a promoter region. First, the SWR1 complex replaces H2A 

in the nucleosome by H2A.Z, which makes the nucleosome unstable and easier 

to remove. Next, H3 is exchanged and the new H3 is acetylated on K56, which 

stimulates the SWR1 complex to replace the H2A.Z in the nucleosome by H2A. This 

model would suggest that H2A.Z is very dynamic. Nevertheless, we did not detect 

an H2A.Z exchange level higher than that of H3. Therefore, the role of SWR1 in 

the dynamic behavior of H2A.Z in vivo and its role in assembly and recycling needs 

to be further examined. Other candidates for recycling H2A.Z are INO80, which 

can exchange H2A.Z for H2A (Papamichos-Chronakis et al., 2011), and the  FACT 

complex, which has previously been implicated in both eviction and reassembly of 

nucleosomes (Formosa, 2011). 

The stability of H2A.Z in nucleosomes undergoing H3 replacement indicates that 

in nucleosomes where H3 is evicted and replaced by new H3 protein, transiently 

evicted H2A.Z can be recycled. This process uncouples destabilization of nucleosomes 

from replacement of modified histones by new naïve ones and may thereby help 

to preserve epigenetic signals present on H2A.Z. Although histone variants have 

different modes of regulation than canonical histones (see Chapter 1) and are 

generally believed to be constitutively expressed and incorporated in a replication-

independent manner (Skene and Henikoff, 2013), our studies on H2A.Z show that 

new H2A.Z incorporation is highest in replicating cells. This observation is in line 

with the peak of H2A.Z mRNA expression in late S-phase (Fig. 14). Furthermore, 

ectopic expression by the GAL1 promoter, which leads to overexpression of H2A.Z 

already in G1, enables new H2A.Z deposition. Therefore, our results show that 

the decision for recycling or replacement is determined by histone timing and 

expression level. Interestingly, H2A.Z is overexpressed in several types of cancer 

(Dryhurst et al., 2012; Hua et al., 2008; Svotelis et al., 2009, 2010; Valdés-Mora et 

al., 2012). It will be interesting to determine whether this overexpression influences 

the recycling of H2A.Z and maintenance of epigenetic signals.

ACKNOWLEDGEMENTS
The authors thank members of the van Leeuwen lab for advice. This project was 

sponsored by the Netherlands Genomics Initiative (NGI) and by The Netherlands 

Organization for Scientific Research (NWO).

101



S S G2/M G1 G1 G2/M 

H3 

H4 

H2A.Z 

H2B 

New H3 

New H4 

exchange 
recycling 

disassembly 

Figure 13. Model for fate of H2A.Z and H3 in a dynamic nucleosome. Upon destabilization 
and disassembly of a nucleosome, H3 can be evicted and replaced by newly synthesized H3, 
leading to erasure and resetting of epigenetic information. H2A.Z is transiently evicted and 
recycled, providing access for regulatory factors to the nucleosomal DNA and yet preserving 
epigenetic information on H2A.Z proteins. 

Figure 14. Cell cycle regulation of H2A.Z expression. Analysis of expression of H2A.Z using 
SCEPTRANS (Kudlicki et al., 2007; Pramila et al., 2006; Spellman et al., 1998) shows that 
H2A.Z mRNA levels are periodic and show maximum expression in late S-phase, somewhat 
later than histone H3 and the other canonical histones.
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ABSTR AC T
Post-translational modifications of histone proteins have a crucial role in regulating 

gene expression. If efficiently re-established after chromosome duplication, histone 

modifications could help propagate gene expression patterns in dividing cells by 

epigenetic mechanisms. We used an integrated approach to investigate the dynamics 

of the conserved methylation of histone H3 Lys 79 (H3K79) by Dot1. Our results show 

that methylation of H3K79 progressively changes after histone deposition, which is 

incompatible with a rapid copy mechanism. Instead, methylation accumulates on 

ageing histones, providing the cell with a timer mechanism to directly couple cell-

cycle length to changes in chromatin modification on the nucleosome core.
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INTRODUC TION
The interaction between histone post-translational modifications (PTMs) and gene 

regulation has led to the suggestion that stable histone PTMs can function as 

epigenetic signals to facilitate the propagation of gene expression states (Probst et 

al, 2009; Bonasio et al, 2010). Maintenance of cell identity by histone PTMs requires 

that the daughter cells rapidly re-establish the parental epigenetic patterns following 

deposition of new, unmodified histones on the duplicated DNA. Some PTMs, such 

as histone methylation, are relatively stable (Barth & Imhof, 2010), and several copy 

mechanisms or mitotic-bookmarking strategies seem to be available (Kaufman & 

Rando, 2010; Zaidi et al, 2010). However, the way in which PTMs are reproduced 

following chromosome duplication and transmitted from one generation to the next 

is still unclear (Probst et al, 2009; Bonasio et al, 2010). Methylation of H3K79 by 

Dot1 is a mark of many eukaryotic epigenomes. It is located in the structured part of 

the nucleosome core—predominantly in active chromatin—and is involved in gene 

regulation and has been linked to cancer (Rusche et al, 2003;Krivtsov & Armstrong, 

2007; Jones et al, 2008). Dot1, which does not have the SET domain found in other 

known histone lysine methyltransferases, can mono-, di- and trimethylate H3K79 by 

a distributive or non-processive mechanism (van Leeuwen et al,2002; Frederiks et al, 

2008). As is the case for many other methylated lysines, the different methylation 

states of H3K79 might have different functions in gene regulation (Bonasio et 

al, 2010). Indeed, multiple H3K79 methylation is regulated by an evolutionarily 

conserved pathway; in yeast and human cells, monoubiquitination of the histone 

H2B carboxy-terminus (H2Bub) by Bre1 enhances the activity of Dot1 (Shahbazian 

et al, 2005; Frederiks et al, 2008, 2011; McGinty et al, 2008; Schulze et al, 2009). 

However, the underlying mechanism of the histone crosstalk is unclear, and the 

direct and indirect consequences of the different H3K79 methylation states are also 

unclear (Lu et al, 2008; Frederiks et al, 2011). Recent studies indicate that H3K79 

methylation states might not only be regulated at specific genomic regions, but also 

change during the cell cycle (Janzen et al, 2006; Schulze et al, 2009). To understand 

the dynamic behavior of H3K79 methylation and its consequences, we investigated 

the propagation of methylation of H3K79 by Dot1 in dividing yeast cells.

RESULTS AND DISCUSSION
A mathematical model for in vivo H3K79 methylation

We first developed a mathematical model for in vivo H3K79 methylation using 

quantitative proteomics data, growth rates and estimates of nuclear Dot1 and 

histone H3 levels in vivo (Fig 1A,B; supplementary information (model B) and 

Tables S1, S2 online).This distributive methylation model was developed using 

a strain with an inducible allele of Dot1 and could accurately predict the histone 

H3K79 methylation levels in a strain expressing endogenousDot1 that was grown 
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in normal glucose media (Fig 1C). Our simulations show that the mono-, di- and 

trimethylation reactions of H3K79 proceed with different kinetics. The rate constants 

estimated by this model and on the basis of our experimental data (supplementary 

information online) correspond to k0=0.055, k1=0.019 and k2=0.0087 mM-1 

min-1. In agreement with a non-processive mechanism of methylation by Dot1 

(Frederiks et al, 2008), the second and third methylation events are not faster 

than the first methylation event: each subsequent reaction is slower than the one 

before, and the rate constants for the methylation events vary proportionally with 

the number of free methylation sites on the lysine. These differences might reflect 

the underlying biochemistry of the methylation reactions; once a methylated lysine 

is bound in the active site of Dot1, it might not be easily realigned to bring a free 

methylation site into the correct orientation, leading to non-productive binding 

events. As expected for a non-processive mechanism of methylation, when H3K79 

methylation was simulated over a range of Dot1 concentrations, relative changes in 

the methylation states were observed (for example, compare ratio of me1 to me3; 

Fig 1D). By contrast, for a processive mechanism of methylation, all methylation 

states are expected to change proportionally when the enzyme concentration 

changes (supplementary Fig S1 online). To test the predictive value of the model, we 

first investigated regulation of H3K79 methylation by H2Bub. The observed loss of 

H3K79me3 in cells lacking H2Bub (bre1D or H2BK123R) has led to the suggestion 

that H3K79me2 and H3K79me3 are established independently of each other and 

that H2Bub specifically promotes trimethylation of H3K79 (Schulze et al, 2009). 

By using rate constants of wild-type cells, our model poorly predicted the H3K79 

methylation pattern of cells lacking H2Bub (Fig 1E; supplementary Fig S2A online). 

This was expected because the differences in methylation could not be explained by 

differences in growth rate between bre1D and wild-type cells. However, allowing 

variations in k2 (the rate constant of the trimethylation reaction) did not result in 

a better prediction (Fig 1E). By contrast, when we allowed k0, k1 and k2 to vary 

simultaneously, a better fit was obtained (Fig 1E). Thus, the model predicted that the 

rate constants of all three methylation steps were reduced in bre1D, as compared 

with the wild type (Fig 1F), leading to a slower increase in the number of methyl 

groups per lysine and thereby resulting in low H3K79me3 and high H3K79me1 

levels similar to wild-type cells expressing low levels of Dot1 (that is, a shift to the 

left in Fig1D). To verify this prediction experimentally, we examined the effect of 

H2Bub in cells expressing wild-type Dot1 or the partly active Dot1D2-136, which 

lacks the amino-terminus involved in nucleosome binding (Frederiks et al, 2008). 

Cells expressingDot1D2-136 maintained H3K79me1 and H3K79me2 and lost 

H3K79me3, similar to cells lacking Bre1 (Fig 1G; Frederiks et al, 2008). However, 

when Dot1D2-136—or another independent hypomorphic allele, Dot1-G401A—

was combined with bre1D, H3K79me2 and H3K79me1 were also lost (leading to 

a further shift to the left in Fig 1D; Fig 1G; supplementary Fig S2B–D online). We 
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conclude that H2Bub stimulates the accumulation of methyl groups on H3K79 by 

enhancing all methylation reactions. This is consistent with the fact that H2Bub 

promotes monomethylation (McGinty et al, 2008) as well as di- and trimethylation 

of H3K79 by human Dot1L (Kim et al, 2005; Zhu et al, 2005;Mohan et al, 2010).

A link between cell-cycle length and H3K79 methylation 

Having established that predictions of the model can be experimentally validated, 

we next asked which conditions can influence H3K79 methylation. In the absence 

of a known demethylase activity that can counteract Dot1 activity, one prediction 

of the model is that cell-cycle length can affect the average pattern of methylation 

(Fig 2A). Indeed, slowly growing cells accumulated more methyl groups on H3K79 

(for example, the ratio of H3K79me3 to H379me1 is increased by twofold; Fig 2B). 

Furthermore, cells arrested in G1 or G2/M phase also showed more H3K79me3 and 

less of the lower methylation states than the log-phase cells (Fig 2C–D; supplementary 

Fig S3A, B online). Reduced H3K79me2 in G1 has also been shown by immunoblot 

analyses (Schulze et al, 2009). Together, these results suggest that in slowly growing 

or arrested cells, Dot1 has more time to introduce methyl groups on H3K79.

Methylation on H3K79 accumulates on ageing histones 

To determine how H3K79 methylation is propagated during the cell cycle, we developed 

a single-cell two-phase minimal model for H3K79 methylation, distinguishing S-phase 

from the rest of the cell cycle (supplementary note online). This model shows a temporary 

drop in methylation in S-phase when new, unmodified histones are deposited, and 

then a steady decrease of H3K79me0 accompanied by progressive accumulation of 

methyl groups on H3K79 during the rest of the cell cycle. Only when the doubling time 

was substantially increased was a steady state of methylation reached in the model 

(Fig 3A). The model thus predicts that the degree of H3K79 methylation is dynamic and 

is determined by the residence time of histones within the chromatin. To investigate this 

possibility, we modified the recently developed recombination-induced tag exchange 

tool (RITE; Verzijlbergen et al, 2010) to biochemically purify histone H3 proteins of 

different ages (Fig 3B–D; supplementary Fig S3C online). This genetic pulse chase 

method enriches for old histone proteins synthesized before induction of the epitope-

tag switch under constant growth conditions. Histone age is therefore independent 

of cellular age. Histone H3 fractions enriched for old proteins had accumulated more 

methyl groups per H3K79 residue than purified bulk histones—that is, more me3 

and less me1—and also showed an increase in the fraction of H3K79 residues that 

was methylated by any of the three methylation states, as indicated by the decrease 

in the fraction of H3K79me0 (Fig 3E). Several other lines of evidence confirm the 

association between histone residence time and H3K79 methylation. Histones from 

chronologically aged quiescent cells also show a reduction in H3K79me2 and an 

increase in H379me3 levels (MA Osley, personal communication). Furthermore, genes 
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Figure 1. A model for H3K79 methylation in dividing cells. (A) Dot1 mono-, di- and 
trimethylates H3K79 with rate constants k0, k1 and k2. The constant k can be interpreted as 
the specificity constant (pseudo second-order rate constant kcat/Km). Unmodified histones 
(K79me0) are synthesized at a rate g and all forms of H3K79 are diluted with a first order 
rate constant m because of an increase in cell volume caused by cell growth. The histone 
synthesis rate g was assumed to be constant, reflecting an average over the cell cycle, and 
specific for each strain or growth condition. (B) Observed (average MS measurement of two 
independent clonal experimental cultures ±s.e.m.) and predicted methylated (me1, me2 and 
me3) and unmethylated (me0) H3K79 fractions in yeast strains expressing different amounts of 
a galactose-inducible DOT1 gene (Frederiks et al, 2008). (C) Validation of the model using WT 
strain BY4742 cultured at a different growth rate than that of the strain used to build the model 
in B (average MS measurement of two independent clonal experimental cultures ±s.e.m.). ▶
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(D) Simulation of H3K79 methylation over a range of Dot1 concentrations. The dashed line 
indicates the approximate WT methylation level. (E) H3K79 methylation in a yeast strain lacking 
H2Bub (bre1D). Predicted values were on the basis of three sets of kinetic parameters: (i) those 
of WT cells; (ii) k2 was allowed to vary but k0 and k1 were set to the values determined for WT 
cells (best fit k2); or (iii) k0, k1 and k2 were all allowed to vary and fitted independently. Similar 
H3K79 methylation levels were observed in a strain lacking H2BK123ub due to a H2BK123R 
mutation (see Supplementary Fig S2A online). (F) Predicted rate constants (mM-1 min-1) for the 
three methylation reactions. (G) Immunoblots of H3K79 methylation in dot1D and dot1Dbre1D 
strains carrying an empty vector or expression vectors for WT Dot1 orDot1D2–136. MS, mass 
spectrometry; SS, sums of squares; WT, wild type.

Figure 2. Cell-cycle progression affects the accumulation of H3K79methylation. (A) Simulated 
methylation patterns of three wild-type strains with different growth rates using WT kinetic 
parameters.(B) Methylation in a WT strain growing at 30 ºC in glucose (same sample as 
in Fig 1C) and growing slowly at 23 ºC in galactose media (average MS measurement of 
two independent clonal experimental cultures ±s.e.m.). (C) H3K79 methylation in cells in log 
phase and arrested for 3 h in G1 phase (average MS measurement of two independent clonal 
experimental cultures ±s.e.m.). (D) Immunoblot analysis of Dot1 expression in log phase and 
G1 arrest. MS, mass spectrometry; WT, wild type.

▶
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with high relative rates of replication-independent histone turnover—that is, short 

histone residence time—show low levels of H3K79me3 (Dion et al, 2007; Gat-Viks & 

Vingron, 2009), and genes in which ‘ancestral’ histones accumulate in replicating cells 

show higher levels of H3K79me3 (Radman-Livaja et al, 2011). 

Demethylases and dynamics of methyl marks 

Attempts to find a H3K79 demethylase have been unsuccessful (Tu et al, 2007). In 

addition, upon initiation of heterochromatin formation, H3K79 methylation was 

Figure 3. Time-dependent changes in H3K79 methylation. (A) Simulation of H3K79 
methylation in a single cell starting at S-phase with a cell-cycle length of 120 min (left) or 
600 min (right). Methylation levels at the start of S-phase (t=0) are identical to the levels at 
the end of G1 (last time point). (B) Histone H3 was tagged with a RITE cassette. Induction of 
recombination between LoxP sites (L) by Cre results in a tag switch. (C) Following induction 
of Cre in log phase, replicating cells were harvested after 0–4 divisions and histone H3–
HA–6xHis of different average age was purified under denaturing conditions. By purification 
of old H3–HA–6xHIS after the tag switch, new histones are eliminated, thereby increasing the 
average age of H3 in the pool. (D) Immunoblot analysis of epitope-tag-switched histone H3 
in whole-cell extracts. (E) MS analysis of H3K79 methylation of purified histones of different 
average age (average of two independent clonal experimental cultures ±s.e.m.). Zero divisions 
represent the mix of old and new H3 found in non-switched cells. MS, mass spectrometry; 
RITE, recombination-induced tag exchange.
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slowly lost, suggesting that active demethylation did not occur (Katan-Khaykovich 

& Struhl, 2005; Osborne et al, 2009). On the basis of these studies and studies 

on human Dot1 (Sweet et al, 2010; Zee et al, 2010), H3K79 demethylation was 

excluded from the model. If, however, an H3K79 demethylase would be active, 

one could view the rate constants in the model as the net result of synthesis and 

removal. Indeed, including a demethylase parameter increased the calculated 

rate constants for the methylation reactions, but it did not substantially affect 

the average H3K79 methylation levels that were fitted (Fig 4A; supplementary 

Table S1 online). However, in the single-cell two-phase model, the combined 

action of a methylase and demethylase leads to higher turnover of methyl groups 

and more-rapid establishment of a steady state following deposition of new, 

unmethylated histones (Fig 4B; supplementary Fig S4 online). To investigate the 

role of demethylases, we investigated the accumulation of methylation on H3K4 by 

Set1, which can be counteracted by the demethylase Jhd2 (supplementary Fig S1 

online; Tu et al, 2007). As we could not detect H3K4 peptides by mass spectrometry 

(supplementary Methods online), changes in H3K4 methylation were analyzed 

by immunoblot assays. No increase in H3K4-methylation levels was detected in 

arrested or slow-growing cells (Fig 4C). Furthermore, H3K4 methylation did not 

accumulate on old histones (Fig 4D). In addition, no correlation was found between 

the locations of old histones andH3K4me2 or H3K4me3 in the yeast epigenome 

(Radman-Livaja et al, 2011). Together, our experimental findings and mathematical 

model suggest that the presence of a demethylase can counteract the accumulation 

of methylation on ageing histones. However, differences in the mechanism of 

multiple methylation (Fig 1; supplementary Fig S1 online) might also contribute to 

the observed differences between H3K4 and H3K79 methylation.

H3K79 methylation links cell-cycle length to epigenome 

Our analysis of the dynamics of H3K79 methylation in vivo has several unexpected 

functional implications. First, in replicating yeast cells, methylation on H3K79 slowly 

accumulates during the cell cycle on new and old histones (Figs 2, 3). A recent 

study using double SILAC labeling suggests that also in human cells methylation 

of H3K79 occurs on newly synthesized as well as old histones (Sweet et al, 2010). 

An interesting consequence of these observations is that, after DNA replication, a 

parental nucleosome with a given H3K79 methylation state (for example, me2) will 

be further methylated in the daughter cell that received this modified nucleosome 

(that is, it becomes me3), whereas a new, unmodified histone octamer (that is, me0) 

is deposited at the same genome position in the other daughter cell, if we assume 

that histone octamers are segregated randomly between daughter strands (Probst 

et al, 2009; Bonasio et al, 2010). In this scenario of ongoing methylation, none of 

the daughter cells (me0 or me3) precisely recapitulates the parental epigenome 

(me2). This dynamic behavior seems incompatible with the idea that methylated 
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Figure 4. Role of demethylase activity in accumulation of methyl groups. (A) The inclusion of 
a demethylase parameter (compare 0.0005 with 0.05 min1for all demethylation events) has 
only small effects on the steady-state model (compare with Fig 1B). (B) Demethylase activity 
can affect the kinetics of methylation in the single-cell model, but the effect depends on 
the rate of demethylation and cell-cycle length (compare with Fig 3A; supplementary Fig S4 
online). (C) H3K4 methylation in a WT strain growing at 30 ºC in glucose, growing slowly 
at 23 ºC in galactose media and arrested for 2 h inG1. (D) H3K4 methylation on purified 
histones of increasing age (Fig 3B–E). Strains expressing H3–HA–6xHis, H3–T7 or a mix thereof 
were used as controls. Left and right panels represent two independent purifications. gal, 
galactose; gluc, glucose; WT, wild type.

H3K79 functions as an epigenetic memory mark at single-nucleosome precision. 

However, it is possible that methylated H3K79 transmits epigenetic information not 

by single nucleosomes, but by the average methylation level of larger chromatin 

regions spanning many nucleosomes, as has been suggested for H3K9 methylation 

in fission yeast and metazoans. Second, the pattern of H3K79methylation is 

affected not only by Dot1 activity, but also by histone dilution due to cell-cycle 

progression (Figs 2,3).To investigate possible functional implications, we turned 
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to models for multi-site protein phosphorylation (Salazar et al, 2010). Proteins 

regulated by phosphorylation are frequently phosphorylated on many sites by a 

single kinase, and the degree of multi-site phosphorylation can be an important 

determinant of downstream effects (Salazar et al, 2010). When modified by a 

distributive kinase, multi-phosphorylated substrates are expected to appear, and 

unphosphorylated substrates are expected to disappear, with a certain delay after 

activation of the kinase. This provides the cell with a mechanism for the timing of 

Figure 5. Links between cell-cycle progression, H3K79 methylation and gene regulation. (A) Cells 
in which URA3 is silenced can grow on media containing FOA. Fraction of FOA-resistant colonies 
indicates the degree of silencing of a telomeric URA3 reporter gene in dot1D strains carryingDot1 
expression vectors at 23 ºC (slow growth) and 30 ºC (average of two independent clonal 
experimental cultures ±s.e.m.). (B) Immunoblot analysis of Dot1-G401A expression. (C) Model 
for regulation of H3K79 methylation. All three methylation reactions are stimulated by H2Bub.
H3K79 methylation does not reach a steady state but accumulates over time and is counteracted 
by dilution of methylated histones by unmodified histones. Dynamic H3K79 methylation can link 
changes in cell-cycle length (replication-dependent histone dilution) to changes in chromatin 
structure. FOA, 5-fluoroorotic acid; MT, methyltransferase; TEL, telomere; WT, wild type.
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molecular events (Salazar et al, 2010). Given the similar behavior of distributive 

H3K79 methylation—late appearance of me3 and disappearance of me1 (Fig 3A)—

this chromatin mark could couple cell-generation time or cell-cycle length—rate 

of replication-dependent dilution of methylated histones—to a biological response 

through quantitative changes in chromatin. To test this concept, we examined the 

quantitative effects of Dot1 on gene silencing. Dot1 promotes targeting of Sir3 to 

yeast heterochromatin by methylation of H3K79 in euchromatin (Rusche et al, 2003; 

Frederiks et al, 2011).Dot1 activity is not limiting for normal silencing, but when its 

activity is reduced—for example, by a mutation in the active site (Dot1-G401A)—it 

affects the strength of silencing in a dose-dependent manner (Frederiks et al, 2008). 

When the growth rate was reduced by two independent methods, partial silencing 

by Dot1-G401A was improved (Fig 5A, B; supplementary Fig S5 online). This finding 

supports the idea that cell-cycle length can affect gene regulation not only through 

complex signaling cascades, but also more directly through quantitative time-

dependent changes in histone methylation (Fig 5C). Which proteins other than 

the yeast-silencing protein Sir3 translate the dynamic methylated H3K79 mark into 

a biological response, and whether other histone methyltransferases function by 

similar mechanisms are important questions to address in future studies.

METHODS
Yeast strains, plasmids, growth conditions and details of the mathematical model can 

be found in the supplementary information online. For immunoblotting, home-made 

rabbit polyclonal antibodies against Dot1, H3K79me1, H3K79me2, H3K79me3 and 

the C-terminus of H3 were used (Frederiks et al, 2008). TheH3K4me1 antibody was 

a gift from Laura O’Neil. Commercially available antibodies that were used in this 

study are H3K4me2 (07-030, Upstate), H3K4me3 (ab8580, Abcam), Sir2 (sc-6666, 

Santa Cruz), Pgk1 (A-6457, Invitrogen), T7 (A190-117A, Bethyl or69522-3, Novagen) 

and HA (12CA5). For mass spectrometry, histone H3 was purified and analyzed as 

described previously (Frederiks et al, 2008). Quantitative reverse transcriptase–PCR 

was performed as described previously (Verzijlbergen et al, 2010). HA-6xHIS-tagged 

(recombination-induced tag exchange) histone H3 was purified from mid-log cultures 

of strain NKI2178, as described in detail in the supplementary Methods online. Briefly, 

β-estradiol was added at the time of inoculation (1 mM) to induce an epitope-tag 

switch to T7 by Cre recombination. After cell lysis by bead beating, HA-6xHis-tagged 

histone H3 was purified under denaturing conditions (4M guanidine hydrochloride, 

10mM bmercaptoethanol,100 mM sodium phosphate (pH 8) and 250 mM NaCl) 

using TALON Co2þ-coated beads (BD Biosciences ClonTech). Bound histones were 

eluted by incubating the beads for 10 min at 95 ºC in 50 ml buffer H3 (60 mM 

Tris–HCl, pH 6.8, 200 mM imidazole, 10 mM EDTA and 1% SDS). Supplementary 

information is available at EMBO reports online (http://www.emboreports.org).
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Figure S1. Dynamics of processive methylation. (A) A model for processive methylation in 
dividing cells. The methyltransferase mono-, di-, and trimethylates H3K79 with rate constants 
k0, k1 and k2. Unmodified histones (K79me0) are synthesized at a rate γ and all forms of H3K79 
are diluted with a rate μ due to an increase in cell volume caused by cell growth. A single 
histone synthesis rate constant was employed, reflecting an average over the cell cycle. (B) 
Data prediction using the processive model of panel A. Rate constants k0, k0’ and k0’’ were fitted 
(SS=0.18) to the observed methylation levels at the different Dot1 expression levels (obtained 
by growing the strain with a galactose-inducible DOT1 gene in different concentrations of 
galactose). At different Dot1 expression levels, the levels of the different methylation states 
are all predicted to change proportionally. This is in contrast to the successive changes in lower 
and higher methylation states predicted for the distributive model (Figure 1B,D) and observed 
for Dot1 in yeast cells in vivo (Figure 1B-C and Frederiks et al, 2008).(C) Immunoblot analysis 
of H3K4 methylation in yeast cultures expressing varying amounts of Set1. H3K4 methylation 
dynamics is controlled by the methyltransferase Set1 and the demethylase Jhd2 (Liang et al, 
2007; Tu et al, 2007; Seward et al, 2007; Radman-Livaja et al, 2010). SET domain containing 
enzymes (unlike Dot1) have been proposed to generally act by processive mechanisms (Cheng 
et al, 2005; Dirk et al, 2007), although dSU(VAR)3-9 seems to be distributive (Eskeland et al, 
2004). The mechanism of multiple methylation by Set1 is still unknown. Varying the levels of 
Set1 in a strain with a galactose-inducible SET1 gene (GALpr-SET1) showed a proportional 
change in H3K4me1, me2, and me3, which is expected for a processive enzyme and 
which contrasts the successive changes in lower and higher methylation states found for 
non-processive H3K79 methylation (Figure 1B,D and Frederiks et al, 2008). In addition, the 
observed loss of higher H3K4 methylation states without the concomitant increase in lower 
methylation states in several independent yeast H3K4 methylation mutants also supports the 
idea that Set1 is processive (Shahbazian et al, 2005; Wood et al, 2005; Fingerman et al, 2005; 
Laribee et al, 2005; Dehe et al, 2005; Seol et al, 2006; Wood et al, 2007; Laribee et al, 2007; 
Mulder et al, 2007; Vitaliano-Prunier et al, 2008).
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Figure S2. Estimated kinetic parameters of the partially active Dot1-G401A protein. (A) 
Experimentally determined H3K79 methylation in a yeast strain harboring a histone H2BK123R 
mutation that eliminates H2BK123 ubiquitination. Methylation levels are similar to a strain 
that lacks H2BK123ub due to deletion of BRE1 (see Figure 1E). (B) Experimentally determined 
(average MS measurement of two independent clonal experimental cultures ± s.e.m.) and 
predicted patterns of H3K79 methylation in yeast strains harboring the hypomorphic dot1-
G401A allele. SS indicates sum-of-squares. Predicted values were based on three types of kinetic 
parameters i) those of wild-type cells, ii) k2 (trimethylation) was allowed to vary but k0 and k1 
were set to the values determined for wild type cells (best fit k2), or iii) k0, k1 and k2 were all 
allowed to vary and fitted independently. (C) Predicted rate constants based on case iii. Compare 
to WT and bret1Δ in Figure 1. (D) Immunoblots  showing the levels of H3K79  methylation in a 
dot1Δ  and  bre1Δdot1Δ  strain  carrying  an expression vector for Dot1-G401A. Compare to the 
hypomorphic allele Dot1Δ2-136 in Figure 1. Plasmid- encoded Dot1 is expressed at somewhat 
lower levels than endogenous Dot1, leading to a small shift towards lower methylation states 
in wild-type as well as bre1Δ cells (Frederiks et al, 2008 and data not shown). Expression of 
the partially active Dot1-G401A protein from a plasmid resulted in loss of H3K79me3 (and 
high H3K79me1). In the absence of Bre1, the methylation activity of Dot1-G401A was further 
compromised, leading to loss of H3K79me2 and H3K79me1, indicating that H2B ubiquitination 
can promote all three methylation events. H3K79 methylation states and Dot1 expression in 
exponentially growing cells were measured using specific antibodies. Antibodies against the 
C-terminus of histone H3 and against Pgk1 were used as loading controls.
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Figure S3. H3K79 methylation in a G2/M cell cycle arrest and purification of old histones. 
(A) H3K79 methylation in log phase and 4 h after induction of a G2/M-phase arrest was 
examined by immunoblot analysis (strain NKI2160). Cells were arrested in G2/M by addition of 
the microtubule-depolymerizing agent nocodazole. Signals in G2/M phase or dot1Δ cells are 
plotted relative to log phase. Cells arrested in G2/M phase showed lower levels of H3K79me1 
(and me2) and slightly higher levels of H3K79me3, showing that they had undergone 
more methylation events than log-phase cells despite the deposition of new unmethylated 
histones during the preceding S-phase. The modest increase in H3K79me3 signals is most 
likely caused by the limited dynamic range of the immunoblot assay compared to mass 
spectrometry. H3K79me3 is already very abundant. A further increase in these high levels 
leads to small relative changes that are difficult to detect by semi-quantitative immunoblotting 
assays. (B) Immunoblot analysis as described in panel A of strain NKI1110. These cells were 
arrested in G2/M by inactivation of the conditional cell cycle regulator Cdc20 (Amon, 2002). 
(C) Immunoblot analysis of purified old histone H3-HA-6xHis as described in Figure 3. The 
enrichment for old histones was determined by blotting with antibodies against old H3 (HA), 
new H3 (T7), and an H3-C antibody that simultaneously recognizes old and new H3 (H3). The 
fraction of cells (%) that had undergone a recombination event (tag-switch) during the time 
series is indicated below the blots.
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Figure S4. Role of demethylase activity in accumulation of methyl groups. (A) Estimated 
kinetic parameters at different hypothetical demethylation rate constants kr,app. Parameters k0, 
k1, and k2 were estimated using a fixed value for the apparent first order rate constant of the 
demethylase kr,app (see note on the demethylase model). The sum of squares values (SS) serve 
as indicators of how well the respective model versions can explain the experimental data. 
Increasing kr,app has minor effects on the SS values; yet, the fitted k-values are significantly 
elevated. *The results for the lower two rows have been obtained each by a single parameter 
run instead of averaging multiple runs.(B) Simulation of the role of demethylase activity on 
H3K79 methylation in a single cell model starting at S-phase with a cell cycle length of 120 
min (left) or 600 min (right). Methylation levels at the start of S-phase (t=0) are identical to the 
levels at the end of G1 (last time point). The effect of a putative demethylase on the dynamics 
of H3K79 methylation is dependent on the rate of demethylase activity (compare k=0.5 min-1 
in Figure 4B to k=0.05 min-1 and 0.005 min-1 in top and bottom panel, respectively) as well as 
the length of the cell cycle (compare Td=120 min/ k=0.05 min-1 to Td=600 min/ k=0.05 min-1).
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Figure S5. Cell-cycle length-dependent and Dot1-dependent changes in expression of COS12. 
The COS12 gene is located within telomeric heterochromatin and gene expression profiling 
showed that it is repressed in a Dot1-dependent manner (see below, F. Holstege personal 
communication, and  Hughes et al, 2000; Roberts et al, 2000; Takahashi et al, 2011; Rossmann 
et al, 2011). To examine whether slow growth can affect COS12 silencing in a Dot1-dependent 
manner, WT cells, cells expressing the hypomorphic Dot1-G401A protein and dot1Δ cells 
(NKI3031/32/34) were grown in rich YEPD media in the absence or presence of 5.5 mM sorbic 
acid, a weak organic acid that is used as a food preservative to inhibit microbial growth (Orij et 
al, 2009). COS12 expression was determined by qRT-PCR and normalized to YEA4 (or SIR3, data 
not shown; average signals of two independent clonal experimental cultures ± s.e.m.), which 
is expressed at similar levels as COS12 and shows little variation during the cell cycle and under 
altered growth conditions (Holstege et al, 1998; Radonjic et al, 2005; Lu et al, 2007; Brauer 
et al, 2008). Our results confirmed that deletion of DOT1 results in derepression of COS12. 
The hypomorphic Dot1-G401A mutant showed partial derepression of COS12. Although  
slow growth affected COS12 silencing by Dot1-independent mechanisms (i.e. sorbic acid also 
changed COS12 expression in dot1Δ cells), silencing of COS12 in the Dot1-G401A mutant was 
improved relative to WT or dot1Δ cells by slow growth in sorbic acid. Doubling times in the 
absence and presence of sorbic acid were 1.8 and 7.3 h, respectively.
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Supplementary Table S1. Summary of observed (average) and predicted values of H3K79 methylation 
(% methylation state of me0+me1+me2+me3) for bar diagrams shown in the figures.

Figure Description o/p* Me0 Me1 Me2 Me3 Reference

1B SC 0% gal o 87 9 3 1 (Frederiks et al, 2008)

1B SC 0.4% gal o 48 27 16 8 (Frederiks et al, 2008)

1B SC 0.8% gal o 25 26 25 24 (Frederiks et al, 2008)

1B SC 1.4% gal o 11 12 17 60 (Frederiks et al, 2008)

1B SC 0% gal p 93 6 0 0 this study

1B SC 0.4% gal p 58 34 8 1 this study

1B SC 0.8% gal p 12 25 29 33 this study

1B SC 1.4% gal p 5 14 22 59 this study

1C wild type prediction p 10 22 28 41 this study

1C wild type observed o 8 22 27 45 (Frederiks et al, 2008)

1E bre1Δ-obs o 28 61 10 1 (Frederiks et al, 2008)

1E bre1Δ-wt k p 9 20 27 45 this study

1E bre1Δ-k2 only p 9 20 41 31 this study

1E bre1Δ-k0,1,2 p 26 61 11 2 this study

2A growth rate 0.1 h-1 p 2 6 12 79 this study

2A growth rate 0.3 h-1 p 7 16 24 53 this study

2A growth rate 0.9 h-1 p 18 32 29 21 this study

2B 30°C glucose o 8 22 27 45 (Frederiks et al, 2008)

2B 23°C galactose o 6 14 25 55 this study

2C exponential o 19 14 21 45 this study

2C G1/S arrest o 10 8 15 68 this study

3E Old H3 0 divisions o 25 14 19 42 this study

3E Old H3 2 divisions o 14 9 17 61 this study

3E Old H3 3 divisions o 12 8 14 67 this study

3E Old H3 4 divisions o 11 7 13 68 this study

4A SC 0% gal 0.0005 p 94 6 0 0 this study

4A SC 0.4% gal 0.0005 p 58 34 7 1 this study

4A SC 0.8% gal 0.0005 p 12 26 29 34 this study

4A SC 1.4% gal 0.0005 p 5 14 22 60 this study

4A (not shown) SC 0% gal 0.005 p 94 6 0 0 this study

4A (not shown) SC 0.4% gal 0.005 p 60 34 5 1 this study

4A (not shown) SC 0.8% gal 0.005 p 10 29 28 33 this study

4A (not shown) SC 1.4% gal 0.005 p 4 15 23 59 this study

4A SC 0% gal 0.05 p 94 5 0 0 this study

4A SC 0.4% gal 0.05 p 61 35 4 0 this study

4A SC 0.8% gal 0.05 p 6 31 30 33 this study

4A SC 1.4% gal 0.05 p 2 14 26 58 this study

S1B SC 0% gal processive p 93 2 2 3 this study
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Supplementary Table S1. Continued

Figure Description o/p* Me0 Me1 Me2 Me3 Reference

S1B SC 0.4% gal processive p 55 13 11 21 this study

S1B SC 0.8% gal processive p 11 26 22 41 this study

S1B SC 1.4% gal processive p 5 28 24 43 this study

S2A H2BK123R o 22 63 12 3 (Frederiks et al, 2008)

S2B Dot1-G401A-obs o 42 46 11 2 (Frederiks et al, 2008)

S2B Dot1-G401A-wt k p 18 31 29 22 this study

S2B Dot1-G401A-k2 only p 18 31 29 22 this study

S2B Dot1-G401A-k0,1,2 p 44 55 1 0 this study

model A SC 0% gal p 97 3 0 0 this study

model A SC 0.4% gal p 78 17 4 1 this study

model A SC 0.8% gal p 27 20 14 39 this study

model A SC 1.4% gal p 13 11 10 65 this study

model C SC 0% gal p 93 6 0 0 this study

model C SC 0.4% gal p 58 34 8 1 this study

model C SC 0.8% gal p 12 25 29 33 this study

model C SC 1.4% gal p 6 14 21 59 this study

Strains were grown at 30ºC in YEPD media or selective synthetic media (for strains containing a plasmid) unless 
indicated otherwise. *o/p refers to data observed by mass spectrometry (o) or predicted by modeling (p).

Supplementary Table S2. Growth rates (h-1) and estimated Dot1 expression (molecules/cell) of strains 
used in this study.

Strain Growth rate* Dot1 Figure

NKI1059 SC 0% gal YP 0.29 ± 0.05 10 1 B,D

NKI1059 SC 0.4% gal YP 0.28 ± 0.03 100 1 B,D

NKI1059 SC 0.8% gal YP 0.29 ± 0.04 1000 1 B,D

NKI1059 SC 1.4% gal YP 0.24 ± 0.04 2000 1 B,D

NKI3024 + pFvL54 SC 0.31 ± 0.03 300 1 B,D

UCC7183 + pFvL44 SC 0.10 ± 0.02 50000 1 B,D

BY4742 YPD 0.45 ± 0.03 2000 1 C

UCC7370 YPD 0.39 ± 0.03 2000 1 E-F

NKI3028 YPD 0.37 ± 0.01 2000 1 E-F

NKI3023 23ºC 2% gal YP 0.19 ± 0.04 2000 2 B

UCC7164 exponential YPD n.d. 2000 2 C

UCC7164 G1/S arrest YPD n.a. 2000 2 C

NKI3010 YPD 0.44 ± 0.02 1000 S2 A,B

*The methods for measuring growth rates and estimating Dot1 concentrations are described in the 
Supplementary Note. n.d. = not determined; n.a. = not applicable
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Supplementary Table S3. Plasmids used in this study.

Plasmid Description Reference

pDOT1 LEU2 CEN DOT1 (van Leeuwen et al, 2002)

pFvL53 LEU2 CEN dot1-G401R (van Leeuwen et al, 2002)

pFvL54 LEU2 CEN dot1-G401A (van Leeuwen et al, 2002)

pFvL204 LEU2 CEN dot1-Δ2-136 (Frederiks et al, 2008)

pSB1077
pTW087

PMET3-HA-CDC20-NatMX
RITE: spacer-LoxP-HA-6xHis-HphMX-LoxP-T7

Sue Biggins
this study
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Supplementary Table S4. Yeast strains used in this study.

Strain Genotype Reference

BY4742 MATα his3-1 leu2Δ0 lys2Δ0 ura3Δ0 (Brachmann et al, 1998) 

NKI3010 MATα his3-1 leu2Δ0 lys2Δ0 ura3Δ0 dot1Δ::dot1-G401A (Frederiks et al, 2008)

UCC7164/ 
UCC7366

MATa ade2Δ::hisG his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 
ADE2-TELVR URA3-TELVIIL

(van Leeuwen et al, 2002)

UCC7183/ 
UCC7356

MATa ade2Δ::hisG his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 
ADE2-TELVR URA3-TELVIIL dot1Δ::KanMX

(Frederiks et al, 2008) 
(Verzijlbergen et al, 2009)

UCC7370 MATa ade2Δ::HisG his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 
ADE2-TELVR URA3-TELVIIL bre1Δ::KanMX

(Frederiks et al, 2008)

UCC7367 MATa ade2Δ::hisG his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 
ADE2-TELVR URA3-TELVIIL set1Δ::KanMX

(Verzijlbergen et al, 2009)

NKI1059 MATa ade2Δ::hisG his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 
ADE2-TELVR URA3-TELVIIL KanMX-PGAL1-3HA-DOT1

(Frederiks et al, 2008)

NKI3107 MATa ade2Δ::hisG his3Δ200 leu2Δ0 lys2Δ0 met15Δ0 trp1Δ63 ura3Δ0 
ADE2-TELVR URA3-TELVIIL KanMX-PGAL1-3HA-SET1

this study

BY4741 MATa his3-1 leu2Δ0 met15Δ0 ura3Δ0 (Brachmann et al, 1998) 

UCC7002 MATa his3-1 leu2Δ0 met15Δ0 ura3Δ0 dot1Δ::KanMX this study

NKI1139 MATa his3-1 leu2Δ0 met15Δ0 ura3Δ0 bre1Δ::KanMX this study

NKI1133 MATa his3-1 leu2Δ0 met15Δ0 ura3Δ0 dot1Δ::NatMX bre1Δ::KanMX this study

NKI3023 MATα his3-1 leu2Δ0 lys2Δ0 ura3Δ0 URA3-TELVIIL (Frederiks et al, 2008)

NKI3024 MATα his3-1 leu2Δ0 lys2Δ0 ura3Δ0 URA3-TELVIIL dot1Δ::NatMX (Frederiks et al, 2008)

NKI3028 MATa lys2Δ0 trp1Δ63 his3Δ200 ade2Δ::HisG ura3Δ0 leu2Δ0 met15Δ0 
hta1-htb1::MET15 hta2-htb2::LEU2 ADE2-TELVR URA3-TELVIIL pRS313-
HTA1-htb1-K123R-FLAG

(Frederiks et al, 2008)

NKI3031 MATa leu2Δ0 lys2Δ0 ura3Δ0 this study

NKI3032 MATa leu2Δ0 lys2Δ0 ura3Δ0 dot1Δ::NatMX this study

NKI3034 MATa leu2Δ0 lys2Δ0 ura3Δ0 dot1Δ::dot1-G401A this study

BY4733 MATa his3Δ200 leu2Δ0 trp1Δ63 (Brachmann et al, 1998)

NKI2150 MATa his3Δ200 leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 hht1-hhf1::MET15 
bar1::HisG

this study

NKI2160 MATa his3Δ200 leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 hht1-hhf1::MET15 
bar1::HisG pdr5::URA3

this study

NKI1110 MATa his3Δ200 leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 hht1-hhf1Δ::MET15 
bar1::HisG pdr5::URA3 cdc20::MET3pr-3HA-CDC20-NatMX

this study

NKI2178 MATa leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 hht1-hhf1Δ::MET15 
bar1::HisG his3Δ200::TDH3p-CRE-EBD78-HIS3 hht2::HHT2-LoxP-HA-
6xHis- HphMX-LoxP-T7

this study

NKI4179 MATa leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 hht1-hhf1Δ::MET15 
bar1::HisG his3Δ200::TDH3p-CRE-EBD78-HIS3 hht2::HHT2-LoxP-T7-
HphMX-LoxP-HA-6xHis

this study

NKI8013 MATa leu2Δ0 met15Δ0 trp1Δ63 ura3Δ0 hht1-hhf1Δ::MET15 bar1::HisG 
his3Δ200::TDH3p-CRE-EBD78-HIS3 hht2::HHT2-LoxP-HA-6xHis

this study

NKI4128 MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 can1Δ::STE2pr-Sp_his5 
lyp1Δ::NATMX-TDH3p-CRE-EBD78 hhf1-hht1Δ::LEU2 hht2::HHT2-
LoxP-HA-HphMX-LoxP-T7

this study

NKI4140 MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 can1Δ::STE2pr-Sp_his5 
lyp1Δ::NATMX-TDH3p-CRE-EBD78 hhf1-hht1Δ::LEU2 hht2::HHT2-LoxP-T7

this study
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SUPPLEMENTARY NOTE ON MATHEMATIC AL MODELING
Development of models for H3K79 methylation in vivo

The models were implemented in MathematicaTM 6.0 (http://www.wolfram.com/) 

and simulated by means of the non-linear differential equation solver NDSolve. 

Model B with the master parameter-set (Fig. 1 and see below) will be deposited 

in standard SBML in the BioModels database at http://www.ebi.ac.uk/biomodels-

main/ and in the JWS online database at www.jjj.bio.vu.nl. All Mathematica code 

is available upon request.

The diagram of Figure 1A describes the distributive mechanism of Dot1 in a 

growing cell. Unmethylated H3K79 (K79) can be converted in three subsequent 

steps into mono-, di- and trimethylated H3K79 (K79me1, K79me2, and K79me3, 

respectively). Dot1 is the enzyme that catalyzes all three reactions, with potentially 

different kinetic parameters. Based on this diagram we constructed three related 

deterministic mathematical models, which only differed in the Dot1 kinetics. These 

all consist of a system of four coupled ordinary differential equations:

Each equation represents the dynamics of a state variable. The four state variables 

correspond to the nuclear concentrations of unmethylated (me0), mono- (me1), 

di- (me2) and trimethylated (me3) H3K79, respectively.

In the model all forms of H3K79 are diluted by an increase in cell volume due to cell 

growth (Fig. 1) (Goranov et al, 2009; Bryan et al, 2010). This was modeled as a simple 

first order process with the specific growth rate μ as the rate constant. The histone 

synthesis rate γ was assumed to be constant and calculated for each strain and growth 

condition from the measured concentration of total histone Htot (in the steady state) 

and the specific growth rate according to: γ = μ *(me0 + me1 + me2 + me3) = μ *Htot.

In all models the rates are first order in the (nuclear) Dot1 concentration (‘dot’ 

in the equations), which was estimated from immunoblot experiments. This is in 

accordance with the Michaelis-Menten assumption that the enzyme (Dot1) levels 

are significantly smaller than the protein substrate H3 levels. In model A, first-order 

mass-action kinetics in the substrate are assumed, with the same reaction rate 

constant, k, for the three methylation steps. In this model k can be interpreted as 

the specificity constant (pseudo-second order rate constant kcat / Km or catalytic 

efficiency). Model B is very similar to A, but now different values for the rate 
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constants k0, k1, and k2 are allowed. Finally, model C assumes Michaelis-Menten 

type saturation kinetics for the different methylation steps, each having its own 

catalytic constant (kcat,0, kcat,1, kcat,2), but sharing the same Km value. Furthermore, 

as can be seen from the denominators of the kinetic expressions, in model C 

the different methylation states compete for binding to Dot1 and thereby act as 

competitive inhibitors for each other’s conversion.

Indeed, also the trimethylated form of H3K79 is competing for Dot1, resulting 

in an extra term:

The data set used to fit the model is summarized in Table S1 (first four rows). The levels 

of H3K79 methylation in these experiments were determined by mass spectrometry 

and were published earlier. The growth rates and levels of Dot1 expression of the 

different strains were determined in this study. In the yeast strain NKI1059 the DOT1 

gene was under control of the galactose-inducible GAL1 promoter. By varying the 

ratio of galactose to glucose in the media a gradual increase in Dot1 expression was 

achieved. As a first approach, we used model A, which is the least complicated. 

Based on the measured patterns of H3K79 methylation, the Dot1 expression and the 

growth rates of the NKI1059 strain at different galactose concentrations (Table S2), 

this model predicted a value of 0.021 μM-1min-1 for the rate constant k. The figure 

on page 12 of this Note shows a comparison between the experimentally determined 

and predicted patterns of methylation. In addition, all experimentally determined and 

predicted patterns of methylation are summarized in Table S1. As an indication of the 
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accuracy of the fit we used the sum-of-squares (SS), which is a measure of how much 

the predicted values deviate from the experimental ones. For this situation in which k 

was imposed to be equal for all three methylation steps, the SS was 0.21.

Next, we determined whether a better prediction could be obtained when the 

rate constants of the three different methylation reactions were fitted independently 

using Model B. The figure on page 12 of this Note shows that this model indeed 

resulted in a better fit of the experimental data (SS = 0.093, with k0 = 0.055, 

k1 = 0.019, and k2 = 0.0087 μM-1min-1), suggesting that the different methylation 

reactions all proceed with different kinetics. Finally, we tested whether using 

Michaelis-Menten kinetics (Model C) would improve the prediction even further. In 

this model, kcat and Km can be fitted simultaneously. Unfortunately we did not have 

an estimate for either of these parameters from in vitro experiments. When fitting Km 

and the different kcat values simultaneously using Model C we did not obtain a single 

optimal solution. Rather different sets of parameter values seemed to fit the data 

equally well. Interestingly, these solutions had kcat/Km ratios in good agreement with 

the values of k0, k1, and k2 found with model B. Moreover, the fitting did not result 

in a significantly improved sum-of-squares value (minimally 0.083). This indicates 

that our data set did not contain enough information to fit such a detailed model 

of Dot1 kinetics. In fact, models with even more complex kinetic expressions were 

tested, yet, are not considered here for the same reason. In the rest of the study, we 

therefore used Model B as the reference model. The rate constants k in this model 

represent the best estimations of the kcat/Km ratio for each methylation state.

Parameter estimation

Non-linear regression was performed using the fractions of the different methylation 

states for different growth rates and Dot1 concentrations as the experimental data 

(Table S2) and the predicted steady-state methylation fractions as the model output. The 

model as it had been constructed always had one steady-state solution, corresponding 

to a specific stable distribution of H3K79 over the four possible methylation states. This 

distribution obviously depends on the parameter values to be fitted. The values for the 

Dot1 concentration (dot), the specific growth rate (μ), and the histone synthesis rate (γ) 

were considered to be fixed parameters in this procedure. 

The histone synthesis rate γ was calculated by multiplying the growth rate with 

the total histone concentration Htot in the steady-state (see above). The amounts of 

Dot1 and histone H3 in wild type cells were taken to be 2000 molecules/cell and 

200,000 molecules/cell, respectively (Ghaemmaghami et al, 2003). These values 

were converted into concentrations using the volume of the cell nucleus, which is 

approximately 2.9 μm3 in wild type cells grown in glucose media (Jorgensen et al, 2007). 

The Dot1 concentrations in other conditions were estimated using immunoblots that 

were published earlier.  The specific growth rate μ was determined experimentally for 

each condition tested and the outcomes were used in the corresponding simulations.
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Summary of the three models. In model A, first- order mass-action kinetics in the substrate 
are assumed, with the same reaction rate constant, k, for the three methylation steps. In this 
model k can be interpreted as the specificity constant (pseudo-second order rate constant 
kcat / Km or catalytic efficiency). Model B is very similar to A, but now different values for the 
rate constants k0, k1, and k2 are allowed. Model C assumes Michaelis-Menten type saturation 
kinetics for the different methylation steps, each having a corresponding catalytic constant 
(kcat,0, kcat,1, kcat,2), but the same Km value. SS indicates sum of squares.

The NMinimize function of Mathematica 6.0 was used to find a global 

minimum for the (squared) prediction error function. The ‘Method’ option was 

taken to be ‘Automatic’, which implies that the algorithm automatically selects 

the optimal method out of a diverse list: “Nelder-Mead”, “DifferentialEvolution”, 

“RandomSearch”, and “SimulatedAnnealing”. Computations were performed on a 

MacBook with Intel® Core™2Duo CPU. Constraints were imposed on the parameters 

to restrict the searchable parameter space to physically realistic boundaries.
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To determine the influence of measurement errors on the parameter estimation, 

significant (over-estimated) Gaussian white noise (with sigma = 2.5%, accounting 

for a mean coefficient of variation of 10%) was superimposed on the data and 

the resulting synthetic datasets were subsequently used for parameter estimation. 

A similar Monte Carlo-type approach has been described earlier (Mulquiney & 

Kuchel, 2003). The average values over the different runs were then taken as final 

parameter values and the standard deviations as an estimate of the corresponding 

errors. The averaged parameter values were found to be very close to the results 

from a single run without noise added. The results over the separate runs were also 

plotted to give an idea of the variation in the separate runs.

Result of 20 subsequent parameter estimation runs of k0 (blue), k1 (magenta) and k2 (green), 
starting from 20 different datasets. These datasets were generated by superimposing white 
noise to the reference dataset. The variation over the different runs is clearly smaller than the 
differences in the values of the kinetic constants.

The standard error on the squared prediction error derived through the same 

approach further confirmed the reliability of the global optimization algorithm. 

The cost function was plotted against the separate parameters, normalized to 

their respective reference values. These analyses strongly indicated that a global 

minimum had been found in all cases.

A single cell model for H3K79 methylation dynamics

To analyze the dynamics of histone methylation during the course of one cell cycle in 

a typical single cell, we performed a simulation in which we took into account that 

histone synthesis occurs predominantly in the replication stage (S phase) of the cell 

cycle (Verzijlbergen et al, 2010), whereas methylation by Dot1 and dilution by cell 

growth are assumed to take place continuously (Goranov et al, 2009; Bryan et al, 

2010). For simplicity, the distinction made was between a replication phase and the 

rest of the cell cycle, thereby ignoring possible effects of cell division. The histone 
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Value of the cost function (‘SS’= sum-of-squares of the prediction errors) as a function of the 
individually varied kinetic constants k0 (blue), k1 (magenta) and k2 (green).The kinetic constants are 
scaled to 1 at their respective reference values (Fig. 1), i.e. at the cost function’s global minimum. 
Note the concave shape of the cost function, suggesting a global minimum has been found.

synthesis rate γ in S-phase (24 or 120 min) was set to 3.61 µM/min or 0.722 µM/min 

(which is 5 times higher than the average value calculated over the total cell cycle). 

The histone synthesis rate in the rest of the cell cycle (96 or 480 min) was set to zero. 

Essentially, two simulations (with a representative length) corresponding to these 

respective stages were combined and iterated. In the first run of S-phase (with a 

length one fifth of the total cell cycle length) an arbitrary methylation state was used 

as the initial condition. Then, the final methylation state of the first simulation was 

used as the initial state of the simulation of the rest of the cell cycle with a length of 

four fifth of the total cell cycle length. The final methylation state of the latter run 

was used as the initial condition for the next S-phase simulation. After repeating this 

a few times a steady dynamic pattern was always obtained. The Dot1 concentration 

was taken to be 2000 molecules/cell or 1.25 µM, as for wild type cells. For the 

reaction rate constants the fitted values were taken (Fig. 1F).

Additional notes on the mathematical model

In reality, methylation of H3K79 may be more complex than suggested by the 

schemes here. In model C we took into account the competition between the 

different methylation states for Dot1. We rejected the competition model at this 

stage, because we have insufficient data to warrant such a complex scheme. 

This, however, does not exclude that future richer datasets will reveal a role for 

competition. In addition, the current model does not explicitly take into account 

several other in vivo parameters that are known to be involved. For example, 

whereas S-adenosylmethionine (AdoMet) is also a substrate of Dot1 in all the 

methylation steps, its concentration was assumed to be constant. For this reason, 

and because the values of several parameters could not be determined exactly but 

were estimated, all kinetic constants in this study represent apparent rate constants. 
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Furthermore, it has been shown that ~5-10% of the genome, corresponding to the 

silent regions of the chromatin, is refractory to methylation by Dot1 and is only 

methylated when Dot1 is expressed at very high levels (van Leeuwen et al, 2002; 

Altaf et al, 2007; Frederiks et al, 2008). This could be included in more advanced 

models by limiting the total percentage of histones available for methylation to 

95%. In addition, a recent study showed that the yeast genome consists of regions 

of high and low ubiquitinated histone H2B (Schulze et al, 2009), indicating that 

there may be chromatin sub- types in which Dot1 has different kinetics. Replication-

independent histone turnover could also significantly affect Dot1 kinetics. Recent 

studies have shown that histone turnover in yeast is more widespread than previously 

thought (Dion et al, 2007; Jamai et al, 2007; Rufiange et al, 2007; Verzijlbergen 

et al, 2010). By directly coupling cell growth to histone incorporation, we have 

most likely underestimated histone incorporation and thereby underestimated the 

rate constants. Independent quantitative data on these parameters would help to 

further improve the computational model for future applications.

Description of the demethylase model

Our models do not explicitly take into account possible demethylation of H3K79. 

Attempts to find a H3K79 demethylase have been unsuccessful. To examine 

possible effects of demethylases, model B (cf. above for the description) including 

demethylase activity was defined in the following elementary way:

The additional terms (compared to model B) are specified as follows:

We have assumed simple mass-action kinetics with respect to the concentration of 

a hypothetical demethylase enzyme, dem, and the respective H3K79 methylation 

states, with the three reactions exhibiting the same second order rate constant kr. 

However, in the absence of relevant kinetic information, the enzyme concentration 

dem and its rate constant kr were lumped into an apparent first order rate constant 
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kr,app. For the various parameter estimation runs and subsequent model predictions 

kr,app was assigned a hypothetical value. This input value was selected in order to be an 

order of magnitude less (kr,app=0.0005 min-1) than, equal to (kr,app=0.005 min-1), or one 

(kr,app=0.05 min-1) or two (kr,app=0.5 min-1) orders of magnitude greater than a typical 

specific growth rate µ of 0.005 min-1. Runs using kr,app=0.5 min-1 were not always 

successful. Data shown for this growth rate were based on single successful runs.

Description of the processive model

Dot1 is a distributive enzyme. To examine the possible behavior of processive enzymes, 

an in vivo model for processive methyltransferase kinetics was defined based on a simple 

reaction scheme, assuming that the mono- and di-methylated H3K79 intermediates can 

irreversibly dissociate from the enzyme. Assuming furthermore that these prematurely 

released forms are in great excess compared to the respective Dot1-bound complexes, 

one can faithfully describe this (leaky) processive model with the following equations:

The enzyme kinetics are defined by:

Importantly, this system contains the same number of kinetic parameters as ‘model 

B’, which therefore allows for a fair comparison with that model. The reactions 

producing mono-, di- , and trimethylated H3K79 have rate constants k0, k0’, and 

k0’’, respectively. They are the equivalent of the k0, k1, and k2 constants of the 

distributive model B.

SUPPLEMENTARY MATERIALS AND METHODS
Yeast strains, plasmids, and growth conditions

Strains and plasmids used are described in Supplementary Tables S3 and S4. Media 

were described previously (van Leeuwen & Gottschling, 2002). Gene deletions 

were made by standard gene replacement by homologous recombination. Plasmid 

pSB1077 (a gift from Sue Biggins) was linearized with MluNI to integrate the MET3 

141



promoter in front of the CDC20 coding sequence. NKI3031/3032/3034 were made 

by crossing BY4740 (Brachmann et al, 1998) with BY4742 (Brachmann et al, 1998), 

NKI3002 (Frederiks et al, 2008) and NKI3010 (Frederiks  et  al,  2008),  respectively.  

NKI2178,  NKI2150,  NKI4179  are  derivatives  of BY4733 (Brachmann et al, 1998). 

NKI3107 was generated by integrating the KanMX-GAL1 promoter cassette of 

pYM-N7 (Janke et al, 2004) in front of the SET1 gene in UCC7366. 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 (Tong & Boone, 2006; Verzijlbergen et al, 2010). 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 

(Schneider et al, 1996). CRE-EBD78 was integrated at the HIS3 locus by linearizing 

plasmid pTW040 with Eco47III, or by integrating a PCR product of TDH3pr-CRE-

EBD78 fused to NatMX and without HIS3 at the LYP1 locus (Verzijlbergen et al, 

2010). To arrest cells in G1 phase, α-factor was added to the media of early log-phase 

cells at a concentration of 5 μg/ml. Wild type cells were arrested in G2/M by adding 

nocodazole (15 µg/ml) to a log-phase culture in YEPD media. As an  independent 

biological duplicate cells expressing Cdc20 under control of  the  MET3 promoter 

were grown to log phase in media without methionine and then resuspended in 

YEPD (which contains methionine) to shut down the MET3 promoter and arrest the 

cells in G2/M. Cell cycle arrests were confirmed by FACS analysis (Verzijlbergen et 

al, 2010). To compare growth at 30ºC in glucose with growth at 23ºC in galactose 

we compared strain BY4727 with the nearly isogenic strain NKI3023, respectively. 

Strain UCC7164 or isogenic strain UCC7366 was used to compare log-phase with 

G1 arrest. For growth rate determinations, cells were grown to saturation overnight 

and then diluted in fresh media to an OD660 of ~0.1. The OD660 of the cells was then 

measured every hour for eight hours. The specific growth rate was determined from 

the exponential growth phase of the cells, using the equation N (t ) = N 0 × e μt (N(t) 

= number of cells at time t, N0
 = number of cells at t = 0, μ = specific growth rate). All 

growth rate measurements were performed in triplicate.

Immunoblotting and mass spectrometry

Whole-cell extracts were obtained from approximately 5x107 cells by the classical 

glass beads breakage method using 200 μl of glass beads and 500 μl SUMEB lysis 

buffer containing 1 µM DTT (Frederiks et al, 2008) or SDS-PAGE loading buffer 

(30 mM Tris-HCl pH 6.8, 5% β-mercaptoethanol, 2% SDS, 10% glycerol, 0.002% 

bromophenol blue), both complemented with PMSF (1 mM), benzamidine (5 mM), 

pepstatin (1 µg/ml), and leupeptin (1 µg/ml). The resulting lysates were separated 
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on 8, 10, or 16% polyacrylamide gels. For immunoblots, proteins were transferred 

onto 0.45 μm nitrocellulose membranes. Membranes were blocked with 2% Nutrilon 

(Nutricia) in PBS. Primary antibody incubations were performed overnight in Tris-

buffered saline-Tween (TBST) with 2% Nutrilon. For quantitative immunoblotting, 

secondary antibody incubations were performed for 45 minutes in TBST with 2% 

Nutrilon at room temperature 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. H3K79 methylation signals were normalized 

to H3-C signals. Dot1 signals were normalized to Pgk1 signals. Alternatively, for 

non-quantitative immunoblotting, secondary antibody incubations were performed 

for 45 minutes in Tris- buffered saline-Tween with 2% Nutrilon and the blots were 

visualized using ECL (GE Healthcare). The rabbit polyclonal antibodies against Dot1, 

H3K79me1, H3K79me2, H3K79me3, and the C-terminus of H3 were described 

before (Frederiks et al, 2008). The H3K4me1 antibody was a gift from Laura O’Neil. 

Commercially available antibodies that were used in this study are H3K4me2 (07-030, 

Upstate), H3K4me3 (ab8580, Abcam), Sir2 (sc-6666, Santa Cruz), Pgk1 (A-6457, 

Invitrogen), T7 (A190-117A, Bethyl or 69522-3, Novagen), and HA (12CA5). For mass 

spectrometry, histones were separated on a 16% SDS-PAGE gel and stained with 

Coomassie Blue. The band corresponding to histone H3 was excised from the gel 

and shrunk twice with 100 μl acetonitrile. The proteins in the gel band were digested 

overnight at 37 °C with 500 ng of Endoproteinase Arg-C (Roche Applied Science) 

in 85 μl buffer (10 mM CaCl2, 100 mM Tris, pH 7.6) and 10 μl activation solution 

(50 mM DTT, 5 mM EDTA). The supernatant was collected and vaporized using a 

Speedvac (New Brunswick Scientific).  Samples were dissolved in 10% formic acid and 

the presence of the histone H3 peptide EIAQDFK*TDLR in its different methylation 

states (K* either -me0, -me1, -me2 or -me3) was first confirmed by nanoLC-MS/

MS with HCD fragmentation using an LTQ-Orbitrap Velos (Thermo Scientific). The 

HCD experiments were performed in a data dependent manner to automatically 

switch between MS and MS/MS. MS spectra in the range of m/z 350-1500 were 

acquired in the Orbitrap at a resolution of 30,000 at m/z 400 and the three most 

abundant precursor ions were selected for fragmentation by HCD in the dedicated 

collision cell, and fragments were read out in the Orbitrap at a resolution of 7,500 

at m/z 400. We then determined the levels of methylation of H3K79 by multiple 

reaction monitoring (nanoLC-MRM) using a 4000 Q TRAP  mass  spectrometer (AB  

SCIEX). The MRM transitions and parameters were chosen and optimized using a set 

of synthetic peptides with the sequence EIAQDFK*TDLR (K* ¼ K-me0, -me1, -me2 

and -me3). We could not detect methylated or unmethylated H3K4 peptides in our 

samples. This problem has been described previously (Chen et al, 2011). Furthermore, 

in studies in which H3K4 methylation has been determined, the detected amounts 

varied substantially between the reports (Shahbazian et al, 2005; Dehe et al, 2005; 
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Garcia et al, 2007; Jiang et al, 2007; Tu et al, 2007; Zhang, 2008; Chen et al, 2011). 

Therefore, for analysis of H3K4 methylation we used immunoblotting instead.

Real-time PCR

qRT-PCR was performed as described previously (Verzijlbergen et al, 2010). 

Briefly, Total yeast RNA was prepared from 5x107 cells of each of the indicated 

growth conditions using the RNeasy kit (Qiagen) according to the manufacturer’s 

protocol (Verzijlbergen et al, 2010). RNA samples were treated with RNase free 

DNAse (Qiagen), and cDNA was made by using Super-Script II reverse transcriptase 

(Invitrogen). DNA was quantified by real-time quantitative PCR using the SYBR® 

Green PCR Master Mix (Applied Biosystems) and the ABI PRISM 7500. A genomic 

DNA sample was used to make a standard curve and calculate the expression 

levels using the 7500 fast system software. Primers used for qPCR of COS12 and 

YEA4 are (CATGGTTACGGTTCCAAACTTCT; AGAACGCAAAGCGTGAATTCA) and 

(CAGGGACTCCCCGAATTTCT;  AAGTGGAGTTTTCAGAGGCTTGA), respectively.

Histone tag switch and purification

Histones of different age were purified from strain NKI2178, which has a deletion 

of histone H3 copy 1 (HHT1) and a RITE cassette (Verzijlbergen et al, 2010) at the 

remaining H3 gene HHT2 (H3-LoxP-HA-6xHis-HphMX-LoxP-T7). Strains NKI8013 

(100% HA-6xHis, derivative of NKI4179 after recombination), NKI4140 (100% 

T7, derivative of NKI4128 after recombination) and UCC7002 (wild type H3, 

dot1Δ) were used as controls. Log phase cultures were obtained by inoculating 

cells at 1.5x105 cells/ml and overnight incubation in YEPD containing 200 μg/ml 

Hygromycin. Cultures were washed and resuspended in YEPD at 1x107 cells/ml. 

Aliquots of these samples were diluted 2, 4, 8, or 16 fold in YEPD and cells were 

harvested when the cultures had reached the original cell density of 1x107 cells/ml 

(~2, 4, 6, and 8 h), corresponding to 1, 2, 3, and 4 cell divisions, respectively. The 

undiluted sample was taken as a no division control. Beta-estradiol was added at 

the time of inoculation (1 μM) to induce Cre recombination. Cell divisions were 

monitored by cell counting. To purify HA-6xHis-tagged histones cells were first 

washed with TE (10 mm Tris pH8, 1 mM EDTA) containing 0.2 µM PMSF and frozen 

at –80°C. Cell pellets were lysed by bead beating (200 µl beads) for 6 minutes 

in 2 ml micro tubes in 500 µl buffer H1 (4 M guanidine hydrochloride, 10 mM 

β-mercaptoethanol, 100 mM sodium phosphate pH 8, 250 mM NaCl) containing  

DTT (1 µM) and  protease  inhibitors PMSF (1 mM),  benzamidine (5 mM), pepstatin 

(1 µg/ml), and leupeptin (1 µg/ml). Lysates were incubated for 5 minutes at 95°C and 

subsequently centrifuged for 10 minutes at 14000 rpm. The soluble supernatant 

was combined with 25 μl TALON Co2+ coated beads (BD Biosciences ClonTech) that 

were calibrated by washing with 100 mM sodium phosphate buffer pH 8 and buffer 

H1, and incubated for 30 minutes while tumbling. The beads were then washed 
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with the following buffers H2 (1 M guanidine hydrochloride, 100 mM sodium 

phosphate buffer pH 8, 250 mM NaCl); buffer H2a (100 mM sodium phosphate 

buffer pH 8, 125 mM NaCl); buffer H2b (60 mM Tris-HCl pH 6.8, 60 mM NaCl, 

20 mM imidazole); buffer H2c (60 mM Tris-HCl pH 6.8, 20 mM imidazole). For wash 

steps beads were spun at 6000 rpm. Finally, the bound histones were eluted by 

incubating the beads for 10 minutes at 95°C in 50 μl buffer H3 (60 mM Tris-HCl pH 

6.8, 200 mM imidazole, 10 mM EDTA, 1% SDS), spinning the beads at 14000 rpm, 

and collecting the supernatant. For immunoblot and mass spectrometry, samples 

were diluted with one volume 2x SDS-PAGE loading buffer (60 mM Tris-HCl pH 

6.8, 10% β-mercaptoethanol, 4% SDS, 20% glycerol, 0.004% bromophenol blue) 

containing protease inhibitors.
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SUMMARY
The DNA in the eukaryotic cell needs to be organized and packaged to fit in the 

limited dimensions of the nucleus and yet enable access to the genetic code. 

Packaging is done by wrapping the DNA around octamers of histone proteins, 

which are called nucleosomes. There are four canonical histone proteins: H2A, H2B, 

H3, and H4. A strand of nucleosomes is called chromatin. Over the last decade, it 

has become clear that chromatin is not a static structure that is only used by the cell 

as a packaging mechanism. In contrast, the structure of chromatin is very dynamic 

and has a profound influence on gene expression and other DNA transactions. 

Euchromatin, based on staining a chromatin state with a more open conformation, 

generally contains active genes and is more permissive for transcription. Closed 

chromatin, or heterochromatin, is usually silenced. Examples of heterochromatic 

regions in yeast are the silenced mating type loci and telomeres. The cell has several 

ways to alter chromatin structure. Histone proteins in the nucleosome can be 

modified by different post-translational modifications (PTMs) such as methylation, 

acetylation, or ubiquitylation. Some PTMs are connected with active chromatin, or 

gene activation. Others are associated with gene silencing and heterochromatin. 

Another way to alter chromatin structure is the incorporation of histone variants 

into the nucleosome. There are a number of different variants known; most variants 

make the nucleosome unstable, while one variant has been found that makes the 

nucleosome more stable. Chromatin structure can also be altered by remodeling 

the position and structure of nucleosomes across the genome, thereby modulating 

access of the underlying DNA to transcription regulators. A relatively unexplored 

layer of chromatin dynamics is histone exchange, that is, the replacement of a 

histone with the same type of histone without a prerequisite change in occupancy.

Chromatin is a very dynamic structure. In the Introduction and general 

discussion we discuss the findings described in this thesis on this topic. Histone 

exchange could have several critical functions in the cell. It can provide the cell with 

a means to modulate histone PTMs or to renew the chromatin and erase PTMs. 

Indeed, we established a link between one mark, H3K79me and histone stability. 

Histone exchange could also be a mechanism to expose or occlude transcription 

factor binding sites. Dynamic competition between nucleosomes and transcription 

factors for DNA binding suggests the possibility that histone exchange influences 

the transcriptional output of a transcription factor binding event. Histone exchange 

has been correlated to promoters and boundary regions, pointing towards histone 

exchange as a putative mechanism to prevent spreading of chromatin types. Recent 

studies have indicated that histone variant H3.3 is involved in key cellular processes 

such as epigenetic reprogramming and cancer development. Histone dynamics has 

also been linked to disease. Mutations in H3.3-deposition complexes have been 

found in human pancreatic neuroendocrine tumors that destabilize telomeres. In 
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human glioblastomas, also mutations of H3.3 itself have been found. Interestingly, 

some of the mutations in H3.3 in these glioblastomas reduce global H3 methylation 

levels by inhibition of SET-domain enzymes, suggesting that the mutant H3.3 

proteins act in a dominant manner to also influence canonical H3. These findings 

indicate that histone exchange plays a major role in gene expression and growth 

control and it will be important to elucidate the underlying mechanisms and to study 

the biological consequences when the dynamic behavior of histones is disturbed.

Whereas many of the previously mentioned dynamic changes in chromatin can 

be detected by conventional methods such as mapping histone PTMs or nucleosome 

occupancy across a genome under steady state conditions, to determine histone 

exchange, a distinction has to be made between the existing population of histones 

and the newly synthesized population. To this end, a number of different assays 

have been developed for use in yeast, Drosophila, slime mold, and human cells. In 

Chapter 1 an overview is given of the different methods to study histone exchange, 

as well as the results emerging from these studies. The pathways of the cell from 

the moment the histone proteins are produced to the assembly of nucleosomes 

are explained. Furthermore, the mechanisms of replication-coupled histone 

deposition and replication-independent histone exchange as they are known today 

are described. Also, an overview of histone variants and replacement of canonical 

histones by variants is delineated.

Chapter 2 highlights the dynamics of a particular histone PTM: methylation of 

lysine 79 on histone H3 (H3K79me). H3K79 can be mono-, di-, and tri-methylated 

and this epigenetic marking system has been implicated in mixed lineage leukemia 

and cell reprogramming. In this chapter, special attention is given to the association 

of H3K79me3 and ancestral histones, i.e. the inverse correlation between histone 

exchange and H3K79me3.

Histone exchange can only be determined when a distinction can be made between 

the old, existing population of histones and the newly synthesized population. We 

recently have developed a genetic pulse-chase assay called Recombination-Induced 

Tag Exchange (RITE). This assay employs an inducible switch from one epitope 

tag to another one to distinguish between old and new proteins. RITE has been 

successfully used in Saccharomyces cerevisiae to measure exchange and inheritance 

of histone proteins, to study changes in post-translational modifications on aging 

proteins, and to visualize the spatiotemporal inheritance of protein complexes and 

organelles in dividing cells. A series of successful RITE cassettes is described in 

Chapter 3. These cassettes have been designed for biochemical analyses, genomics 

studies, as well as single cell fluorescence applications. The use of these cassettes 

in immunoblotting, Chromatin Immunoprecipitation, and microscopy was shown.

Histone variants can replace canonical histones in the nucleosome, and have 

specific characteristics and functions. H2A.Z is a major variant of histone H2A, and 

has been implicated in various cell processes such as gene activation, chromosome 
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segregation, and cell cycle progression. In Chapter 4 the exchange of H2A.Z is 

described using the RITE assay. This variant is mostly located in promoter regions, 

where exchange of H3 is known to be high. Since H2A.Z destabilizes the nucleosome 

in vitro and is located in regions where histone H3 has a high level of exchange 

in vivo, we expected H2A.Z to be very dynamic. Surprisingly, our results showed 

that replication-independent exchange of H2A.Z is not higher than H3 exchange. 

Even overexpression of new H2A.Z did not completely remove all old H2A.Z from 

the chromatin. We hypothesized that this lack of detectable exchange is possibly 

caused by recycling of H2A.Z, and we are currently looking for the factors that 

might be involved in this process. Determining recycling is challenging as this goes 

undetected with most assays currently used to measure chromatin dynamics. To 

measure histone recycling, new methods will need to be developed that not only 

label old vs. new histones, but also evicted vs. not-incorporated histones.

In Chapter 5 we investigate the dynamics of H3K79 methylation by Dot1. Dot1 

methylates H3K79 by a distributive manner, which leads to a changing pattern of 

mono-, di-, and trimethylation throughout the cell cycle. Using a mathematical 

model to describe the dynamic behavior of H3K79me, we predicted that the overall 

level of methylation of H3K79 increases over time. Indeed, when we arrested cells 

in G1, we saw an increase in H3K79me3. This led to the hypothesis that residence 

time of H3 in the chromatin is a determinant of the level of methylation. Using 

RITE to purify old H3 from dividing cells, we showed that H3K79 methylation 

indeed accumulates on old histones and that this accumulation can span multiple 

cell generations. This result is in contrast with the idea that cells re-establish the 

parental pattern of PTMs quickly after DNA replication, and makes it less likely 

that H3K79me has a role in epigenetic memory. Instead, this ongoing methylation 

could provide the cell with a timer mechanism to directly couple cell-cycle length to 

changes in chromatin modification on the nucleosome core. 
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SAMENVAT TING
Het DNA in de cel bevat de informatie voor de eiwitten, de bouwstenen van 

de cel. DNA bestaat uit lange ketens die de codes bevatten voor elk eiwit. Die 

codes heten genen. Het DNA in de cel zit in een afgesloten ruimte, de celkern. 

Het is noodzakelijk om het DNA in een cel georganiseerd te verpakken om in 

de kleine ruimte van de kern te passen en toch de toegang tot de genetische 

code te behouden, zodat transcriptie van genen kan plaatsvinden. Om het DNA 

te verpakken wordt het om een complex van acht histoneiwitten gewikkeld, dit 

wordt een nucleosoom genoemd. Er zijn vier gewone histoneiwitten: H2A, H2B, 

H3 en H4. Een streng DNA met nucleosomen wordt chromatine genoemd. Het 

afgelopen decennium is het duidelijk geworden dat chromatine geen statische 

structuur is die alleen wordt gebruikt door de cel om het DNA te verpakken. In 

tegendeel, chromatine is heel dynamisch en de structuur heeft een diepgaande 

invloed op genexpressie (de transcriptie van genen) en andere manieren waarop 

het DNA wordt gebruikt. Op basis van kleuringen zijn er twee soorten chromatine 

gedefinieerd: euchromatine en heterochromatine. Euchromatine, dat een open 

structuur heeft, bevat over het algemeen actieve genen en is beschikbaar voor 

transcriptie. Heterochromatine is compacter en bevat gewoonlijk inactieve genen. 

De cel heeft verschillende manieren om de structuur van chromatine te veranderen. 

Als er veranderingen optreden die stabiel zijn over meerdere generaties, maar die 

niet de code van het DNA veranderen, worden dat epigenetische veranderingen 

genoemd. Histoneiwitten in het nucleosoom kunnen worden gemarkeerd met 

verschillende post-translationele modificaties (PTM’s), zoals acetylering, methylering 

of ubiquitylering. Sommige PTM’s zijn geassocieerd met actief chromatine en met 

genactivatie. Andere PTM’s zijn verbonden met geninactivatie en heterochromatine. 

Een andere manier om de structuur van chromatine te veranderen is het inbouwen 

van alternatieve histonvarianten in het nucleosoom. Er is een aantal verschillende 

varianten ontdekt; sommige varianten maken het nucleosoom onstabiel, terwijl 

één variant is gevonden die het nucleosoom juist stabieler maakt. De structuur 

van chromatine kan ook worden veranderd door het veranderen van de positie en 

structuur van de nucleosomen over het genoom, waardoor de toegang naar het 

onderliggende DNA voor transcriptiefactoren wordt gereguleerd. Relatief onbekend 

is het effect van het vervangen van histonen, dus het uitwisselen van een histon 

door hetzelfde soort histon zonder dat er noodzakelijkerwijs een verandering 

optreedt in de bezetting van de nucleosomen. Als een cel deelt, wordt het DNA 

verdubbeld, zodat in elke dochtercel weer evenveel DNA zit als in de moedercel. 

Om de bezetting van nucleosomen gelijk te houden in de dochtercellen, worden 

nieuw-gesynthetiseerde histonen in het chromatine ingebouwd, dit noemen we 

replicatie-gekoppelde histondepositie. Als een cel niet deelt, kan er toch vervanging 

van histonen plaatsvinden door replicatie-onafhankelijke mechanismen. Door de 
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replicatie-gekoppelde depositie en de replicatie-onafhankelijke vervanging van 

histonen kunnen de patronen van PTM’s worden veranderd. Er wordt gesuggereerd 

dat een cel na replicatie van het DNA snel het PTM-patroon van de moedercel 

herstelt, om zo de identiteit te behouden. Dit wordt het epigenetisch geheugen 

genoemd. In de verschillende hoofdstukken in dit proefschrift is onderzoek gedaan 

naar de dynamiek van histonen en PTM’s in het modelorganisme bakkersgist.

Chromatine is een erg dynamische structuur. In de Introductie en algemene 

discussie bediscussiëren we de bevindingen over dit onderwerp die beschreven zijn 

in dit proefschrift. Histonvervanging kan een aantal belangrijke functies hebben 

in de cel. Het voorziet de cel van een manier om histon-PTM’s te moduleren, 

of om het chromatine te vernieuwen en PTM’s te verwijderen. Onze studies 

hebben bijvoorbeeld een link gelegd tussen één PTM, methylatie van H3K79, en 

histonstabiliteit. Histonvervanging kan ook een mechanisme zijn om plaatsen waar 

transcriptiefactoren kunnen binden bloot te leggen of te blokkeren. Dynamische 

competitie tussen nucleosomen en transcriptiefactoren om DNA te binden 

suggereert dat er een mogelijkheid is dat histonvervanging het resultaat van die 

binding kan beïnvloeden. Histonvervanging is in verband gebracht met promotor en 

grensgebieden in het chromatine, wat zou kunnen betekenen dat histonvervanging 

mogelijk ook de spreiding van verschillende types chromatine tegengaat. Recente 

studies hebben laten zien dat histonvervanging middels de inbouw van variant H3.3 

betrokken is bij belangrijke celprocessen, zoals epigenetische herprogrammering, 

wat kan leiden tot kanker. Mutaties in H3.3-depositiecomplexen die de telomeren 

onstabiel maken zijn gevonden in neuro-endocrine alvleeskliertumoren bij de mens. 

In menselijke glioblastoma’s zijn ook mutaties gevonden in H3.3 zelf. Opvallend is 

dat sommige mutaties in H3.3 in deze glioblastoma’s het globale methyleringsniveau 

reduceren door remming van histonmethyltransferases. Dat suggereert dat 

gemuteerde H3.3-eiwitten werken op een dominante manier en daarmee ook 

normaal H3 beïnvloeden. Deze bevindingen geven aan dat histonvervanging een 

belangrijke rol speelt in genexpressie, controle van groei en kanker. Om meer inzicht 

te krijgen in die processen is het belangrijk om de onderliggende mechanismen op 

te helderen, om de biologische functies te ontrafelen en om te begrijpen wat de 

consequenties zijn van verstoord dynamisch gedrag van histonen in een cel.

Veel van de hierboven genoemde dynamische veranderingen van het chromatine 

kunnen worden gedetecteerd met conventionele technieken, zoals het in kaart 

brengen van histon-PTM’s of van nucleosoombezetting over het genoom. Voor 

het bepalen van histonvervanging is een methode nodig waarmee onderscheid 

kan worden gemaakt tussen de bestaande populatie histonen en de nieuw 

gesynthetiseerde populatie. Met dit doel zijn een aantal verschillende methoden 

ontwikkeld om onderzoek te doen in gist, fruitvliegen, slijmzwam en menselijke 

cellen. In Hoofdstuk 1 wordt een overzicht gegeven van de verschillende methoden 

om histonvervanging te bestuderen en van de resultaten die uit deze onderzoeken 
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naar voren zijn gekomen. De route die histonen afleggen vanaf het moment dat 

ze geproduceerd zijn tot de inbouw in het nucleosoom, wordt uitgelegd. Verder 

worden de mechanismen van replicatie-gekoppelde histondepositie en replicatie-

onafhankelijke histonvervanging omschreven, zoals ze op dit moment bekend 

zijn. Ook wordt een overzicht gegeven van histonvarianten en de uitwisseling van 

gewone histonen door varianten.

In Hoofdstuk 2 ligt de nadruk op de dynamiek van één bepaalde histon-

PTM: methylatie van lysine 79 op histon H3 (H3K79). H3K79 kan mono-, di- of 

trimethylatie dragen en deze epigenetische markering is betrokken bij bepaalde 

vormen van leukemie en het epigenetisch herprogrammeren van de cel. In dit 

hoofdstuk wordt speciale aandacht gegeven aan het verband tussen H3K79-

trimethylatie en ouder wordende histonen, ofwel de omgekeerde correlatie van 

histonvervanging en H3K79-trimethylatie.

Histonvervanging kan alleen bepaald worden wanneer onderscheid gemaakt kan 

worden tussen de oude, reeds bestaande populatie van histoneiwitten en de nieuw 

gesynthetiseerde populatie. We hebben recentelijk een genetische puls-chasemethode 

ontwikkeld genaamd Recombination-Induced Tag Exchange (RITE, recombinatie-

geïnduceerde taguitwisseling). Deze methode gebruikt een induceerbare schakelaar 

van een epitooptag (een klein label dat aan het eiwit wordt gekoppeld) naar een 

andere tag om onderscheid te kunnen maken tussen oude en nieuwe eiwitten. RITE 

is succesvol gebruikt om vervanging en overerving van histoneiwitten te meten in 

de bakkersgist Saccharomyces cerevisiae, om veranderingen in post-translationele 

modificaties op verouderende eiwitten te bestuderen en om overerving van 

eiwitcomplexen en organellen zichtbaar te maken in delende cellen. Een serie RITE-

cassettes wordt beschreven in Hoofdstuk 3. Zo'n cassette bestaat uit een stuk DNA 

dat alle verschillende componenten van het RITE-systeem bevat, en dat kan worden 

ingebouwd in het DNA van de cel. Deze cassettes zijn ontworpen voor gebruik in 

biochemische analyses, genomische studies, alsmede in fluorescentie-applicaties 

in losse cellen. Het gebruik van de cassettes wordt geïllustreerd met immunoblot, 

chromatine immunoprecipeitatie en microscopie.

Histonvarianten kunnen gewone histonen vervangen in het nucleosoom en ze 

hebben specifieke karakteristieken en functies. H2A.Z is de voornaamste variant van 

histon H2A en is betrokken bij verschillende processen in de cel, zoals genactivatie, 

segregatie van chromosomen en voortgang van de celcyclus. In Hoofdstuk 4 is de 

vervanging van H2A.Z bepaald met de RITE-methode. H2A.Z is voornamelijk gelokaliseerd 

in promotorregio's, daar waar de vervanging van histon H3 hoog is. Omdat eerdere 

studies hebben laten zien dat H2A.Z het nucleosoom onstabiel maakt, verwachtten 

we dat H2A.Z erg dynamisch zou zijn. Verassend genoeg laten onze resultaten zien 

dat replicatie-onafhankelijke vervanging van H2A.Z niet hoger is dan vervanging van 

H3. We denken daarom dat H2A.Z wel tijdelijk het nucleosoom verlaat, samen met 

histon H3, maar daarna wordt gerecycled terwijl histon H3 wordt vervangen. We zijn 
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momenteel bezig om te ontrafelen welke factoren een rol spelen in dit beslissingsproces. 

De huidige methoden om chromatinedynamiek te meten kunnen het recyclen van 

histonen niet goed detecteren. Om het recyclen van histonen te kunnen meten zullen 

nieuwe methodes moeten worden ontwikkeld die niet alleen onderscheid maken tussen 

oude en nieuwe histonen, maar ook tussen histonen die uit het chromatine komen en 

histonen die nog niet aan chromatine gebonden zijn geweest.

In Hoofdstuk 5 onderzoeken we de dynamiek van H3K79-methylatie door 

Dot1. Dot1 methyleert H3K79 op een distributieve manier, wat betekent dat Dot1 

maar één methylgroep per keer aan H3 kan koppelen; voor trimethylatie moet 

Dot1 dus drie keer binden aan H3. Distributieve methylatie leidt tot een steeds 

veranderend patroon van mono-, di- en trimethylatie gedurende de celcyclus. Met 

behulp van een mathematisch model om het dynamische gedrag van H3K79-

methylatie te beschrijven, hebben we voorspeld dat het niveau van de totale 

methylatie van H3K79 toeneemt in de tijd. Inderdaad, als we de celcyclus stoppen 

zien we een toename van H3K79-trimethylatie. Daarnaast hebben we oude 

histon H3-eiwitten opgezuiverd uit delende cellen met behulp van RITE. Met die 

methode vonden we ook een toename van H3K79-methylatie op oude histonen. 

Deze resultaten tonen aan dat de verblijfstijd van histon H3 in het chromatine 

van invloed is op het niveau van methylatie. De ophoping van methylatie kan 

meerdere generaties omspannen. Dit resultaat past niet goed in het populaire 

model dat cellen het patroon van PTM’s snel herstellen na DNA-replicatie en het 

maakt het onwaarschijnlijk dat H3K79-methylatie een rol speelt in een epigenetisch 

geheugen. In plaats daarvan zou deze voortdurende methylatie de cel kunnen 

voorzien van een timermechanisme om celcyclus-lengte direct te kunnen koppelen 

aan veranderingen in chromatinemodificatie op het nucleosoom. 
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