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Abstract

Histone levels are tightly regulated to prevent harmful effects such as genomic instability and 

hypersensitivity to DNA damaging agents due to the accumulation of these highly basic proteins 

when DNA replication slows down or stops. Although chromosomal histones are stable, excess 

(non-chromatin bound) histones are rapidly degraded in a Rad53 kinase dependent manner in 

Saccharomyces cerevisiae. Here we demonstrate that excess histones associate with Rad53 in 

vivo, appear to undergo modifications such as tyrosine phosphorylation and polyubiquitylation, 

before their proteolysis by the proteasome. We have identified the tyrosine 99 residue of histone 

H3 as being critical for the efficient ubiquitylation and degradation of this histone. We have also 

identified the E2 proteins Ubc4 and Ubc5, as well as the E3 ubiquitin ligase Tom1, as enzymes 

involved in the ubiquitylation of excess histones. Regulated histone proteolysis has major 

implications for the maintenance of epigenetic marks on chromatin, genomic stability and the 

packaging of sperm DNA.
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In eukaryotic cells, DNA is wrapped around basic histone proteins to form a nucleoprotein 

filament called chromatin. Histones are essential for viability as they package DNA and 

regulate access to genetic information contained within DNA. However, the positively 

charged histones can also bind non-specifically to negatively charged nucleic acids and 

adversely affect processes that require access to DNA1. Hence, histone and DNA synthesis 

are coupled, with the bulk of histone synthesis occurring during S-phase where they are 

rapidly deposited onto replicated DNA by histone chaperones1. Absence of histone 

synthesis during DNA replication leads to inviability in yeast2, whereas moderate defects in 

histone expression adversely affect transcription and cell fitness3. Yeast cells lacking the 
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histone chaperones CAF-1 (Chromatin Assembly Factor-1) and Asf1 (Anti Silencing 

Function 1) exhibit enhanced rates of gross chromosomal rearrangements4. In human cells, 

inhibiting histone expression during S-phase or inactivating CAF-1 triggers DNA damage 

and inviability5,6. Conversely, cells accumulate excess “free” histones when DNA synthesis 

decreases at the end of S-phase or when DNA synthesis is inhibited by genotoxic agents7–9. 

Even a slight stoichiometric excess of histones over DNA triggers chromatin aggregation 

and blocks transcription in vitro10. In yeast, elevated histone levels lead to enhanced DNA 

damage sensitivity9 and chromosome loss11, a form of genomic instability. Genomic 

instability is characterized by the acquisition of genome alterations and is associated with 

human cancers12. Overall, the aforementioned studies imply that improper histone 

stoichiometry or chromatin structures may contribute to genomic instability and 

tumorigenesis. Hence, cells have evolved numerous mechanisms to regulate histone levels. 

For example, DNA replication arrest elicits a downregulation of histone mRNAs via histone 

gene repression in yeast13 and degradation of histone mRNAs in higher eukaryotes14. We 

have previously shown that the basal kinase activity of the DNA damage checkpoint kinase 

Rad53 regulates histone protein levels in yeast9. Rad53 associates with excess histones and 

somehow targets them for degradation. Here, we have dissected the molecular pathway by 

which Rad53 triggers excess histone degradation.

Histones associated with Rad53 are phosphorylated and this modification 

is required for their efficient degradation

Since histones H3, H4 and H2B interact with the Rad53 kinase that can phosphorylate all 

core histones in vitro9, we investigated whether excess histones were being phosphorylated 

in vivo. We immunoprecipitated Rad53-TAP9 from yeast whole cell extracts (WCEs) and 

treated the immunoprecipitate with or without ATP and, subsequently, with either lambda 

phosphatase (λ-PPase, to dephosphorylate serines, threonines and tyrosines), or the YOP 

phosphatase15 (Y-PPase, to dephosphorylate tyrosines only). Histone H3 associated with 

Rad53-TAP was detected by Western blotting (Figure 1A) with the H3-C antibody9 raised 

against the C-terminus of H3 that is not posttranslationally modified. This antibody detects a 

single band for H3 in yeast WCE (lane 1) and does not detect anything in 

immunoprecipitates from an untagged strain (“No tag” in Figure 1A). Surprisingly, this 

antibody detects multiple bands in Rad53-TAP immunoprecipitates that migrate slower than 

the H3 band in yeast WCE (Figure 1A, lane 2), suggesting that most H3 associated with 

Rad53-TAP are posttranslationally modified. Incubation of the immunoprecipitate with ATP 

at 30°C did not affect the bands detected by the H3-C antibody (lane 3), although 

subsequent treatment with λ-PPase resulted in the regeneration of a band with mobility 

identical to the H3 band in WCE (compare the H3 band in lanes 1 and 4), concomitant with 

reduced intensity of slower migrating bands. Hence, H3 associated with Rad53 is likely to 

be phosphorylated, which affects its mobility during SDS-PAGE. Treatment with the Y–

PPase also generated a band whose migration is identical to that of H3 in WCE (compare 

lanes 1 and 5), suggesting that H3 associated with Rad53 may be phosphorylated on 

tyrosines. Similar results were obtained for histone H4 associated with Rad53 (Supplemental 

Figure S1A). Interestingly, Rad53 is known to phosphorylate tyrosine in a co-precipitated 

yeast protein16. Although our data is consistent with Rad53 directly phosphorylating core 
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histones in vivo, we cannot formally exclude the possibilities that Rad53 may phosphorylate 

some other target(s) needed for histone degradation, or that another kinase may be directly 

phosphorylating excess histones bound to Rad53 in vivo.

Tyrosine 99 residue of histone H3 is critical for efficient degradation of this 

histone

Histone phosphorylation has been implicated in several cellular processes17, but never in 

the degradation of histones themselves. Based on our data in Figure 1A, we hypothesized 

that phosphorylation of tyrosines in H3 may be important for its degradation. We used site-

directed mutagenesis to mutate the two tyrosines (Y) present in H3 at positions 41 and 99 to 

phenylalanine (F) residues that are similar to tyrosines, but cannot be phosphorylated. Wild 

type and mutant H3 were tagged at their N-terminus with a HIS10-TEV-HA (HTH) epitope 

and expressed under the control of a galactose inducible promoter from a high copy plasmid 

(pYES2-HTH-HHT2)9. Degradation assays were carried out for HTH-tagged wild type and 

mutant H3 in wild type cells (W303) essentially as described previously9. The levels of 

chromatin-derived endogenous H3, which is not subject to degradation, remained constant in 

our assay (Figure 1B, lower band). In contrast, overexpressed HTH-tagged wild type and the 

Y41F mutant were degraded rapidly, with the Y41F mutant routinely degrading slightly 

faster than wild type H3 (Figure 1B, upper band). By 90 minutes, up to 80% of wild type 

and 100% of the Y41F mutant were degraded, compared to less than 20% of the Y99F 

mutant, which is similar to the defect observed in rad53 mutants9. Hence, phosphorylation 

of the H3 Y99 residue is required for its efficient degradation. Combining the two mutations 

(Y41,99F) led to an intermediate degradation phenotype compared to the individual Y41F 

and Y99F mutations. Both H3 mutants were expressed at levels similar to wild type H3 

(Figure 1B, upper band), localized to the nucleus as judged by immunofluorescence 

microscopy and were present in the chromatin associated fraction (data not shown). Further, 

both the wild type and Y99F mutant HTH-H3 were incorporated equally well into the 

Rad53-histone complex (Figure 1C). We also obtained evidence that phosphorylation of 

internal residues in histone H4, including tyrosines, may be required for its efficient 

degradation (Supplemental Figure S1B, C, D). Mutation of H3 Y41, but not Y99 residue 

causes inviability18,19, possibly due to instability of the Y41 mutant (Figure 1B). However, 

plasmid-shuffle assays20 involving overexpression of either the unstable Y41F single, or the 

more stable Y41,99F double mutant as the only source of H3 did not result in viability 

(Supplemental Figure S2), suggesting that protein stability is not the essential role of H3 

Y41.

Histones associated with Rad53 are ubiquitylated

The ubiquitin-proteasome pathway21 allows cells to fine tune their metabolic processes by 

selectively degrading proteins via the covalent attachment of at least four molecules of the 

76-residue ubiquitin to a lysine on the target protein through the sequential action of E1, E2 

and E3 enzymes, resulting in a polyubiquitylated protein that is recognized and degraded by 

a multifunctional protease, the 26S proteasome. Histones incorporated into chromatin are 

extremely stable proteins22–24. This is likely important for maintaining histone 

modifications that contribute to stable gene silencing. However, excess free histones are 
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degraded in a Rad53 dependent manner9, perhaps following their ubiquitylation. Analysis of 

Rad53-TAP immunoprecipitates by Western blotting with the H3-C antibody revealed 

multiple bands (Figure 2A, lane 3), some larger than 50kDa, which is several times the mass 

of histone H3 (15.4kDa) and cannot be explained by phosphorylation alone. Consistent with 

this, H3 species above 25kDa are not eliminated by phosphatase treatment (data not shown), 

suggesting that they could be ubiquitylated. Hence, we stripped the Western blot shown in 

Figure 2A and re-probed it with ubiquitin antibodies25. These antibodies detected free 

ubiquitin and several bands above it in Rad53-TAP immunoprecipitates (Figure 2B, lane C), 

some of which comigrate with bands detected by the H3-C antibody (Figure 2A, lane 3), 

implying that these bands correspond to multi- or poly-ubiquitylated histone H3. The 

ubiquitin antibody detects several bands that are not recognized by the H3-C antibody 

(Figure 2B versus 2A) and these may correspond to other ubiquitylated histones present in 

the Rad53-TAP complex. To confirm our results, we placed the HA and FLAG epitope tags 

on the N-terminus of endogenous H3 genes (HA-HHT1, FLAG-HHT2) and analyzed Rad53-

TAP immunoprecipitates from these strains by Western blotting with HA antibodies, which 

detected multiple bands for HA-H3 only in the tagged strain (Supplemental Figure S3A; HA 

Western, lane 3). Importantly, many of the bands detected by HA antibodies are detected by 

ubiquitin antibodies as well, strongly suggesting that they correspond to ubiquitylated H3 

(Supplemental Figure S3A; Ub Western, lane C).

Although polyubiquitylation of chromosomal histones has been observed previously26, 27, 

ubiquitylation of excess core histones in vivo has not been reported previously. Hence, we 

devised another strategy to prove that histones associated with Rad53 are ubiquitylated. We 

obtained a yeast strain lacking endogenous ubiquitin genes28 and carrying either wild type 

ubiquitin (Ub) or a 6His-MYC tagged ubiquitin (MYC-Ub) gene on a high copy plasmid as 

the only source of ubiquitin. The mobility of MYC-Ub is retarded compared to that of Ub 

due to additional mass of the epitope tag (Figure 2C, Ub Western) and a MYC antibody 

detects MYC-ubiquitylated proteins only in the MYC-Ub strain (Figure 2C, MYC Western). 

We then analyzed Rad53-TAP complexes immunoprecipitated from strains expressing Ub 

and MYC-Ub on an acetic acid-urea (AU) polyacrylamide gel29. Unlike SDS-PAGE, 

proteins are resolved on AU gels based on their mass and net charge, which allows only 

positively charged proteins, such as histones and their modified forms, to enter the gel29,30. 

We expected that the bands corresponding to ubiquitylated histones associated with Rad53 

would exhibit slightly retarded AU gel mobility in samples derived from the MYC-Ub strain 

(due to the added mass and net negative charge of the 6His-MYC tag in ubiquitylated 

histones) when compared to samples from the Ub strain. In AU gels, a small, but clear 

retardation in the mobility of H4 bands was observed in Rad53-TAP immunoprecipitate 

from the MYC-Ub strain (Figure 2D), strongly suggesting that H4 is extensively 

ubiquitylated. We obtained identical results for histone H3 associated with Rad53 (Figure 

2E). Diffuse bands corresponding to each ubiquitylated form of histone H3 and H4 are 

observed, possibly due to multiple posttranslational modifications (newly synthesized 

histones are extensively acetylated) within each major ubiquitylated/phosphorylated band, 

all of which have different AU gel mobilities due to charge differences.
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We used epitope tagging of endogenous H3 genes instead of the MYC-Ub to obtain further 

evidence for histone ubiquitylation (Supplemental Figure 3B, C). Compared to untagged H3, 

a slight but clear retardation in mobility was imparted to tagged H3 species in Rad53-TAP 

immunoprecipitates resolved on AU gels (Supplemental Figure 3B, compare lanes 3 and 4). 

Importantly, the species recognized by H3-C antibodies are also detected by ubiquitin 

antibodies, thus confirming that these bands are ubiquitylated H3 (Supplemental Figure 3B, 

compare H3 Western to Ub Western).

Tyrosine 99 residue of histone H3 is critical for efficient ubiquitylation of 

this histone

We investigated if the H3 Y99F mutation that renders this protein resistant to degradation 

(Figure 1B) also prevents its efficient ubiquitylation. We resolved Rad53-TAP 

immunoprecipitated from cells expressing FLAG-tagged wild type or Y99F mutant H3 on 

AU gels. Western blotting using FLAG antibodies revealed that the majority of wild type H3 

was present in high molecular mass species, consistent with extensive ubiquitylation (Figure 

2F). However, the H3 Y99F mutant was predominantly present in unmodified or weakly 

modified forms of low molecular masses, suggesting that H3 Y99 phosphorylation may be 

critical for efficient ubiquitylation of excess H3.

Excess histones are degraded by the proteasome

Next, we investigated whether proteasomes were involved in the degradation of excess 

histones by performing degradation assays for overexpressed HTH-tagged H3 in 

temperature sensitive (ts) proteasomal mutants. The pre1-1 pre4-1 ts strain carries mutations 

in the genes encoding two endopeptidase components of the proteasome core31, while the 

cim5-1 ts strain carries a mutation in the gene encoding Rpt1, an ATPase subunit of the 

proteasome lid32. Even at the semi-permissive temperature of 30°C, ts mutations in the 

proteasome inhibited degradation of HTH-H3 compared to wild type cells (Figure 3, upper 

band), suggesting that functional proteasomes are required for histone degradation.

Identification of E2 and E3 enzymes involved in degradation related histone 

ubiquitylation

We next sought to identify the enzymes involved in ubiquitylating excess histones. Budding 

yeast has one E1 enzyme, Uba1, which is required for all ubiquitylation and is essential for 

viability33. There are thirteen E2 enzymes (Ubc1 to Ubc13), of which 11 are involved in 

ubiquitylation. Ubc9 is required for sumoylation and Ubc12 is needed for neddylation of 

proteins. We systematically screened strains carrying deletion or ts mutations of all the Ubc 

enzymes for sensitivity to histone H3 overexpression using a galactose inducible promoter, 

which identifies mutants defective in histone degradation by their poor growth on galactose 

media9. We found that ubc4 and ubc5 deletion strains were sensitive to histone 

overexpression, though not as sensitive as rad53 mutants (Figure 4A). Ubc4 and Ubc5 are 

92% identical at the protein sequence level and function redundantly in protein 

degradation34. Hence, we constructed the ubc4 ubc5 double deletion strain, which proved as 

sensitive as rad53 mutants to histone overexpression (Figure 4A), implying that both Ubc4 
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and Ubc5 contribute to excess histone degradation. The remaining ubc mutants, including 

ubc2 (rad6), the E2 required for monoubiquitylation of histone H2B in vivo35, were 

insensitive to histone overexpression (Supplemental Figure S4), indicating that they are 

dispensable for histone degradation in vivo.

Yeast cells have many RING (Really Interesting New Gene) and HECT (Homologous to 

E6AP C-Terminus) domain containing proteins that are potential E3 ligases36, which makes 

the identification of any E3 ligase involved in histone degradation challenging. We screened 

yeast strains carrying deletions or ts mutations of all the known E3 enzymes in yeast for 

sensitivity to histone overexpression. Only cells carrying a deletion of the HECT domain 

ubiquitin ligase Tom1 were sensitive to histone overexpression (Figure 4A), whereas 

mutants corresponding to other known E3 ligases in yeast were insensitive (Supplemental 

Figure S5). This suggests that Tom1 is the likely E3 candidate, although we cannot rule out 

contribution from uncharacterized yeast E3 ligases in degradation related histone 

ubiquitylation.

ubc4-ubc5 and tom1 deletion mutants are defective in the degradation of 

excess histones

If UBC4-UBC5 and TOM1 are indeed involved in degradation related histone ubiquitylation, 

their mutants ought to be defective in histone degradation. We performed the histone 

degradation assay as described previously9 in Figure 1B to test this. Like the rad53 mutants, 

ubc4 and tom1 deletion strains were defective in degrading overexpressed HTH-H3 (Figure 

4B). The ubc5 deletion strain degraded HTH-H3 as efficiently as wild type cells, while the 

ubc4 ubc5 double mutant was defective in histone degradation (Figure 4B). This is not 

surprising since Ubc4 and Ubc5 are functionally redundant34. Further, the requirement for 

Ubc5 in protein degradation is more critical in stationary phase cells34, whereas our 

degradation assays were performed with cells that had not reached stationary phase prior to 

G1 arrest. Ubc4 is more abundant than Ubc5 and they physically interact in vivo 

(Supplemental Figure S6A, B). Curiously, the Ubc4 protein is upregulated upon ubc5 

deletion, whereas the Ubc5 protein is downregulated upon ubc4 deletion (Supplemental 

Figure S6B), which may further exacerbate the histone degradation defect in the ubc4 

mutant. Not surprisingly, the ubc4 deletion strain, but not the ubc5 deletion mutant, exhibits 

a slight slow growth phenotype.

ubc4-ubc5 and tom1 deletion mutants accumulate high levels of 

endogenous histones bound to histone chaperones

rad53 mutants defective in histone regulation accumulate high levels of endogenous 

histones on histone chaperones Cac1 and Hir29. Further, upon DNA damage or replication 

arrest, histone binding to chaperones increases dramatically. Here, we have investigated if 

mutants deficient in histone degradation accumulate high levels of endogenous histones on 

histone chaperone Asf137. Equal amounts of Asf1-FLAG3 were immunoprecipitated from 

exponentially growing cells carrying wild type RAD53-TAP or the “kinase dead” mutant38 

rad53K227A-TAP. Compared to wild type cells, the rad53K227A mutant cells accumulated 
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high levels of H3 on Asf1 both in the absence and presence of the replication inhibitor 

hydroxyurea (HU) (Figure 5A). We also immunoprecipitated Asf1-FLAG3 from wild type 

and E2/E3 mutant cells in the absence or presence of methyl methane sulfonate (MMS) 

induced alkylation damage that slows DNA synthesis39 and elicits excess histone 

accumulation 9. In the absence of MMS, small amounts of H3 were associated with Asf1-

FLAG3 in wild type cells, which increased dramatically upon MMS treatment (Figure 5B). 

In contrast, rad53, ubc4, tom1 and, to a lesser extent, ubc5 deletion mutants showed high 

levels of H3 associated with Asf1-FLAG3 in the absence of DNA damage. No increase in 

histone binding to Asf1-FLAG3 was observed when these mutants were treated with MMS, 

suggesting that the histone binding capacity of Asf1 is saturated even in the absence of 

replication inhibition. We obtained identical results upon immunoprecipitating Cac1-FLAG3 

where the E2 and E3 mutants showed higher levels of H3 associated with Cac1 (Figure 5C). 

Further, inhibition of proteasome function at 37°C in ts proteasomal mutants also resulted in 

the accumulation of H3 on Cac1-FLAG3 (Figure 5D).

E2 and E3 enzymes involved in excess histones degradation interact with 

Rad53 in vivo and can ubiquitylate histones in vitro in a Rad53 dependent 

manner

Rad53 complexes contain free ubiquitin and modified histones (Figure 2B), suggesting that 

it may interact with the histone ubiquitylation machinery. To test for physical interactions 

among the factors involved in excess histone ubiquitylation, we tagged endogenous UBC4, 

UBC5 and TOM1 with the MYC13 epitope40 in wild type cells that were also expressing 

Rad53-FLAG3 from a plasmid (pRS316 RAD53 3xFLAG41). Then, we immunoprecipitated 

either the MYC-tagged proteins or Rad53-FLAG3 from WCEs and resolved them on SDS 

4–12% gradient polyacrylamide gels. Western blotting with MYC, FLAG and H3-C 

antibodies was used to detect the respective tagged proteins (Figure 6A, B). Small amounts 

of histone H3 and Rad53-FLAG3 were co-immunoprecipitated with Ubc4-MYC13 and 

Ubc5-MYC13 (Figure 6A). We also clearly detected the presence of Tom1-Myc13 in 

Rad53-FLAG3 immunoprecipitates (Figure 6B). These results suggest that the enzymes 

involved in the Rad53-dependent ubiquitylation of excess histones do interact with each 

other, at least transiently. This observation encouraged us to reconstitute histone 

ubiquitylation in vitro using purified components. Our in vitro ubiquitylation reactions 

clearly demonstrate Rad53 and E2/E3 dependent H4 ubiquitylation (Figure 6C). However, 

mutations in these genes did not result in a reduction in the amount of ubiquitylated histones 

co-immunoprecipitated with Rad53 (data not shown). It is possible that ubiquitylation 

enzymes that do not normally act on histones in vivo are capable of non-specifically 

modifying histones associated with Rad53 under conditions of high effective local protein 

concentrations on sepharose beads during Rad53 immunoprecipitation.

Discussion

In this study, we demonstrated that Rad53 triggers excess histone degradation via a 

phosphorylation/ubiquitylation/proteasome dependent pathway (Supplemental Figure S7). A 

freezer mill for preparing frozen WCEs under liquid nitrogen temperatures (−196°C) proved 
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crucial for detecting extensive ubiquitylation of excess histones. Only unmodified histones 

were detected in Rad53-TAP complexes purified from WCEs prepared using a French press 

or a bead beater, despite the presence of protease inhibitors. Further, histones carrying 

modifications that signal their degradation occur only in association with Rad53 and their 

half-life is likely very short. Hence, it is hardly surprising that extensively ubiquitylated 

histones were not detected previously, despite the use of comprehensive mass spectrometric 

approaches that identified many ubiquitylated proteins42,43, including the known H2B 

monoubiquitylation35. Importantly, these considerations do not imply that excess histone 

degradation is rare, but merely indicate that extensively phosphorylated/ubiquitylated 

histones are only present as a very small fraction of total histones and cannot be detected 

simply by Western blotting of WCEs.

Our data suggests that the H3 Y99 residue is important for efficient degradation of this 

histone (Figure 1B), possibly upon phosphorylation (Figure 1A). At least some tyrosine 

residues on histones are buried within the nucleosome44,45 and these may only be 

accessible to a kinase in the context of excess non-chromosomal histones. The H3 Y99 

residue is inaccessible in the nucleosome (Supplemental Figure S8), but may be available 

for phosphorylation in excess H3 not associated with chromatin. In vivo, newly synthesized 

histones associate as H2A-H2B or H3-H4 heterodimers for incorporation into 

chromatin37,46. Interestingly, the H3 Y99 residue is at the H3-H4 heterodimer interface and 

exhibits stacking interactions with H4 F61 residue, which contributes significantly towards 

stabilizing the heterodimer. An intriguing possibility is that phosphorylation of H3 Y99 may 

preclude or disrupt H3-H4 heterodimerization and thus prevent its deposition on chromatin, 

with degradation being its fate by default.

Phosphorylated tyrosines may not be the only marks that target degradation of histones other 

than H3. Indeed, we found that mutation of either all the tyrosine or serine/threonine 

residues alone did not compromise degradation of excess histone H4 (data not shown). In 

contrast, a mutant H4 lacking all putative phosphorylation sites (except serine 1, which is a 

stabilizing residue according to the N-end rule for protein degradation47) is degraded with 

slower kinetics than wild type H4 (Supplemental Figure S1B, C), despite the fact that it is 

efficiently recognized by Rad53 (Supplemental Figure S1D). This suggests that 

phosphorylation of serine, threonine and tyrosine residues contribute to excess H4 

degradation.

In this study we provided evidence that extensively ubiquitylated forms of histones are 

degraded in vivo (Figure 2B, 2D and 2E; Supplemental Figure S3), although our current data 

cannot distinguish between monoubiquitylation of multiple lysines versus polyubiquitylation 

of one or more lysines on histones. Nevertheless, we believe that excess histones associated 

with Rad53 are polyubiquitylated, since polyubiquitin chains consisting of at least four 

ubiquitins linked via lysine 48 are needed for substrate presentation to proteasomes48. 

Although this currently represents a considerable technical challenge (owing to the limited 

amounts of excess histones and their complex modifications), mass spectrometric analysis of 

histones associated with Rad53 will be necessary to ascertain the exact structure of their 

ubiquitylation and identify key ubiquitylation sites that signal excess histone degradation.
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We identified Ubc4 and Ubc5 as partially redundant E2 enzymes, and Tom1 as the E3 ligase 

involved in excess histone degradation (Figure 4, Figure 5 and Figure 6). Tom1 has been 

implicated in diverse cellular processes including mRNA export, transcriptional regulation 

and maintenance of nuclear structure49,50. Further, Npi46, a protein that binds to the 

histone H2B nuclear localization signal (NLS), suppresses tom1 mutations upon 

overexpression51. More interestingly, Ubc4-Ubc5 and Tom1-related enzymes are 

implicated in histone degradation during vertebrate spermiogenesis. To package the haploid 

genome within the narrow sperm head, histones are first replaced by transition proteins and 

then by protamines, while the displaced histones are ubiquitylated and proteolyzed26,52. A 

testis-specific isoform of UBC4 is induced during late stages of spermiogenesis in rat53,54. 

Remarkably, an ubiquitin ligase homologous to Tom1, known as LASU1 or E3Histone, was 

purified from bovine testis and functions with UBC4 to ubiquitylate all four core histones in 

vitro55. This strongly hints at evolutionary conservation of enzymes involved in histone 

degradation and based on our work, it will be interesting to determine whether histone 

phosphorylation by the Rad53 homolog CHK2 (or the highly related CHK1), or other 

kinases, is prerequisite to their degradation during spermiogenesis.

Excess histones increase the incidence of chromosome loss11 and sensitize cells to 

genotoxic agents9. Consistent with this, we find that ubc4 ubc5 and tom1 mutants are more 

sensitive to DNA damaging agents (Supplemental Figure S9) and exhibit higher rates of 

chromosome loss compared to wild type cells (Supplemental Figure S10). Interestingly, 

proteasomes are recruited to DNA double strand breaks (DSBs) and although proteasomal 

substrates relevant for DSB repair are not known56, histones are lost from the vicinity of a 

DSB57. Our results raise the exciting possibility that chromosomal histones may be a 

substrate for the proteasome at DSBs and this may depend upon Rad53, Ubc4-Ubc5 and 

Tom1. It will also be of interest to decipher and compare the molecular framework of 

Rad53-independent histone degradation pathways that eliminate mis-incorporated 

centromeric histone variant CENP-A from ectopic loci58,59, and histones covalently 

attached to DNA by oxidative stress60. In summary, in addition to their far-reaching 

implications for many DNA metabolic processes1, the principles that govern the degradation 

of excess histones uncovered here may also apply to other biological systems that 

necessitate regulated histone degradation.

METHODS

Yeast strains, plasmids and Western blotting

Yeast strains are listed in Supplemental Table 1 in the Supplemental Information section 

provided with the electronic version of the manuscript. The 2μ based, URA3 marker and 

GAL1 promoter carrying pYES2 vector (Invitrogen) was used to sub-clone the HIS10-TEV-

HA (HTH) epitope tag downstream of the GAL1 promoter between the HindIII and KpnI 

restriction sites in the Multiple Cloning Site (MCS) to generate the empty vector (pYES2-

HTH) used in our studies. Histone H3 encoded by the HHT2 gene was then inserted 

downstream of the HTH tag between the EcoRI and XbaI restriction sites of the MCS to 

generate the H3 overexpression plasmid pYES2-HTH-HHT2 (previously referred to as 2μ-
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URA3-GAL-HIS10-TEV-HHT29). Our antibodies and Western blotting procedure have 

been described in detail elsewhere9.

Immunoprecipitation

For routine immunoprecipitation of tagged proteins, cells were harvested from 1-liter 

cultures at ~2×107 cells/ml. For Rad53-TAP immunoprecipitation, unless indicated 

otherwise, 4L cultures were used for each lane on a Western Blot, with the exception of the 

experiments shown in Figure 1C and Supplemental Figure S1D, where 0.5L cultures were 

used. Whole-cell extracts (WCEs) were prepared by grinding cells in liquid nitrogen in a 

SPEX CertiPrep 6850 Freezer Mill in 20ml lysis buffer (per liter of yeast culture) containing 

protease, phosphatase and proteasome inhibitors (20mM Hepes-KOH pH 7.5, 110mM 

potassium acetate, 10% glycerol, 0.1% Tween-20, 1mM sodium vanadate, 50mM sodium 

fluoride, 50mM sodium β-glycerophosphate, 10mM sodium butyrate, 10mM 2-

mercaptoethanol, 2X Roche protease inhibitor cocktail, 10µM MG-132 proteasome 

inhibitor). Extracts from equal amounts of cells were incubated overnight at 4°C with FLAG 

M2 antibody resin (Sigma), 9E10 antibody sepharose beads, 3F10 antibody resin (Roche) or 

IgG sepharose (Amersham Biosciences) to immunoprecipitate FLAG, MYC, HA and TAP- 

tagged proteins respectively. The immunoprecipitated material was resolved on a 4–12% 

polyacrylamide gradient gel (BioRad) and processed for Western blotting as described 

previously9 using specific antibodies to detect the presence of FLAG (M2 from Sigma), 

MYC (4A6 from Millipore), HA (HA.11 from Covance) or TAP (TAP from Open 

Biosystems) tagged immunoprecipitated and co-immunoprecipitated proteins.

In vivo histone degradation assay

Degradation assays were carried out for overexpressed tagged histones in the indicated 

strains essentially as described previously9. Briefly, cells synchronized in G1 with α-factor 

were treated with galactose (GAL) for 90 minutes to induce the tagged histone, after which 

glucose (GLU) was added to repress the galactose promoter in the continued presence of α-

factor. Aliquots of cells were harvested at the indicated time intervals after the addition of 

glucose and frozen in liquid nitrogen. Whole cell lysates were prepared as described 

previously61 and resolved on SDS-18% polyacrylamide gels. The levels of endogenous H3, 

as well as HTH tagged H3, were quantitated by Western blotting with histone H3-C 

antibodies as described previously9. In Supplemental Figure S1B, the levels of H4-HA3 

were quantitated using HA antibodies while endogenous chromosomal H4 was detected 

using polyclonal H4 antibodies9.

In vitro ubiquitylation assay

Purified components that were either commercially available or prepared in our laboratory 

were used to reconstitute the ubiquitylation of recombinant histone H4 in a Rad53 dependent 

manner in vitro. Reactions were carried out in 25mM Tris-HCl pH8.0, 125mM NaCl, 2mM 

MgCl2, 50µM DTT, 2mM ATP, 1µM ubiquitin aldehyde (inhibitor of deubiquitylases) and 

10µM MG132 (proteasomal inhibitor). Where indicated, the reaction was supplemented with 

the following: 1µg recombinant human histone H4 (New England Biolabs), 1µg recombinant 

6-His-tagged human ubiquitin, 0.05µM E1 enzyme Uba1 from yeast, 0.5µM E2 enzyme 
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recombinant GST-UbcH5A (human homolog of yeast Ubc4 which exhibits 81% identity and 

94% similarity and can complement the loss of Ubc4 from yeast62) (all from Boston 

Biochem), 50ng of recombinant 6His-tagged Rad53 and 50ng of Tom1-TAP purified from 

yeast. Reactions were carried out in a total volume of 15µl and incubated for 1h at 30°C, 

following which 5µl of 4x SDS-PAGE loading buffer was added and the ubiquitylated 

proteins and the entire reaction was resolved on a 18% SDS-polyacrylamide gel. The gel 

was processed for Western Blotting using a H4 antibody described previously9.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Histones associated with Rad53 are phosphorylated and this modification is required 
for efficient histone degradation
(A) Histone H3 associated with Rad53 is phosphorylated. TAP-tagged Rad53 was 

immunoprecipitated using IgG-Sepharose beads as described in the Methods section. Rad53-

TAP bound to beads was first equilibrated with lysis buffer lacking phosphatase inhibitors 

and then incubated with or without 1mM ATP for 1hour at 30°C, following which the ATP 

treated sample was divided into three equal aliquots. One aliquot was left untreated; the 

second was incubated with λ-phosphatase (λ-PPase), while the third was treated with YOP 

tyrosine specific phosphatase (Y-PPase) for an additional hour at 30°C. All samples were 

boiled in SDS-PAGE sample loading buffer and proteins were resolved through a SDS 4–

12% polyacrylamide gradient gel, which was processed for Western blotting with the H3-C 

antibody9. The migration of histone H3 present in whole cell extract (WCE) is indicated by 

the arrow. The lane labeled “No Tag” shows a mock immunoprecipitation with IgG-

Sepharose performed on a strain where Rad53 was untagged.

(B) Mutation of the tyrosine 99 phosphorylation site in histone H3 abolishes its degradation. 

Site-directed mutagenesis was used to mutate both the potential tyrosine (Y) 

phosphorylation sites in the H3 protein at positions 41 and 99 to phenylalanines (F), either 

individually (Y41F and Y99F), or in combination (Y41,99F). Histone degradation assays 

were carried out as described in the Methods section in wild type W303 cells bearing HTH-

tagged wild type (WT) or mutant histone H3 plasmids.
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(C) Mutation of the tyrosine 99 phosphorylation site on H3 does not preclude the 

recognition of this histone by Rad53. After a 2 hour galactose (GAL) induction of HTH-

tagged wild-type and mutant H3 in asynchronous cells carrying the RAD53-TAP allele, 

WCE were prepared. Rad53-TAP was immunoprecipitated (IPed) from the WCEs and the 

co-immunoprecipitated (co-IPed) HTH tagged H3 was detected by Western blotting with 

HA antibodies. The relative amount of endogenous and HTH tagged histone H3 present in 

the WCE is depicted in the lower panel to demonstrate that roughly equal amounts of 

material was used for each immunoprecipitation reaction.
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Figure 2. Histones associated with Rad53 are ubiquitylated and the tyrosine 99 residue of histone 
H3 is critical for its ubiquitylation
(A) Histone H3 associated with Rad53 is extensively modified. Rad53-TAP complexes were 

immunoprecipitated as described in Methods and analyzed by Western blotting with H3-C 

antibody. The migration of bulk histone H3 in WCE is indicated by the arrow. In Rad53 

immunoprecipitates, multiple bands with slower mobility than the H3 band in WCE are 

detected, suggesting that histone H3 associated with Rad53 is heavily modified.

(B) Histone H3 associated with Rad53 appears to be ubiquitylated. The Western blot shown 

above in (A) was stripped and reprobed with an ubiquitin antibody. The migration of free 

ubiquitin (Ub) is indicated by the arrow.

(C) Characterization of a strain in which the only source of ubiquitin is His6-MYC tagged 

(MYC-Ub). WCEs prepared from wild type (WT) and MYC-Ub strains were resolved by 

SDS-PAGE and processed for Western blotting first with a ubiquitin (Ub) antibody (Ub 

Western) and, after stripping, with a MYC antibody (MYC Western).
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(D) Histone H4 bound to Rad53 is either multi- or poly-ubiquitylated. Histone H4 present in 

Rad53-TAP immunoprecipitates was analyzed by acetic acid-urea (AU) gel electrophoresis 

followed by Western blotting with H4 antibodies. The mobility of unmodified histone H4 is 

indicated by “H4” while the putative ubiquitylated histone H4 species carrying increasing 

numbers of ubiquitin moieties are indicated by asterisks. The mobility of H4-MYC-Ub 

bands is slightly retarded in the lane containing Rad53-TAP immunoprecipitates from the 

MYC-Ub strain compared to those derived from the WT strain.

(E) Histone H3 bound to Rad53 is also either multi- or poly-ubiquitylated. Indicated samples 

were processed as described in (D) except that Western blotting was carried out to detect 

histone H3. Note that in this experiment all histone H3 appears to be modified.

(F) Tyrosine 99 residue of histone H3 is required for the efficient ubiquitylation of this 

histone. Strains carrying FLAG-tagged endogenous genes corresponding to either the wild 

type (WT) or Y99F mutant histone H3 were processed as described in (D) except that 

Western blotting was carried out using FLAG antibodies. Note the absence of high 

molecular mass FLAG-H3 species in the Y99F mutant.
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Figure 3. Functional proteasomes are required for the degradation of excess histones
Wild type and temperature sensitive (ts) proteasomal mutants carrying the pYES2-HTH-

HHT2 plasmid9 encoding galactose inducible, HIS10-TEV-HA (HTH) tagged histone H3 

were used to carry out histone degradation assay essentially as described in Methods, with 

minor changes. The assay was carried out at the semi-permissive temperature of 30°C for 

the ts strains and cells were harvested every 25 minutes after switching to glucose. The 

levels of HTH-tagged H3 and chromosomal histone H3 were quantitated by Western 

blotting using the H3-C antibody9.
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Figure 4. Identification of the putative E2 and E3 enzymes involved in the degradation related 
ubiquitylation of histones
(A) Yeast strains lacking Ubc4, Ubc5 and Tom1 are sensitive to histone overexpression. 

Wild type W303 and congenic strains carrying deletions of genes encoding E2 or E3 

enzymes were transformed with either a plasmid encoding galactose inducible, HIS10-TEV-

HA (HTH) tagged histone H3 (pYES2-HTH-HHT2) or the empty vector (pYES2-HTH)9. 

The resulting transformants were grown overnight in minimal medium lacking uracil (to 

select for the plasmids) and containing 2% raffinose as carbon source. 10-fold serial 

dilutions of each strain were plated on minimal media minus uracil, with either glucose or 

galactose as carbon source. The plates were incubated for 3 days at 30°C, except for the 

slow growing ubc4 ubc5 double mutants which were incubated for 6 days. The rad53 

deletion strain carries the sml1-1 null allele to suppress the lethality due to the loss of the 

essential function of Rad53.

(B) Disruption of the UBC4, UBC5 and TOM1 genes causes defects in the degradation of 

overexpressed histones. In vivo histone degradation assay with wild type (W303) and 

congenic mutant strains carrying the pYES2-HTH-HHT2 plasmid were performed as 

described in Methods. Cells were harvested every 30 minutes after switching to glucose. The 

levels of HTH-tagged H3 and chromosomal histone H3 were quantitated by Western 

blotting using the H3-C antibody9.
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Figure 5. Yeast cells lacking the factors involved in histone degradation accumulate excess 
endogenous histones bound to histone chaperones Asf1 and Cac1
(A) Endogenous histone H3 accumulates on Asf1 in a rad53 “kinase dead” mutant38. 

Asynchronous cultures of the indicated strains carrying a FLAG3 epitope on the endogenous 

ASF1 gene were either left untreated, or treated with the DNA replication inhibitor 

hydroxyurea (HU) for 90 minutes. Cells were then harvested, WCEs prepared and Asf1-

FLAG3 was immunoprecipitated (IPed) as described in Methods. The indicated IPed and co-

immunoprecipitated (Co-IPed) proteins were detected by Western blotting. Note that 

although equal amounts of Asf1-FLAG3 were IPed in all the samples, the amount of co-IPed 

mutant rad53K227A-TAP protein was lower compared to the wild type Rad53-TAP due to 

the lower stability of the mutant protein.

(B) Deletion of the ubc4, ubc5 and tom1 genes results in an accumulation of excess 

endogenous histone H3 bound to Asf1. Asynchronous cultures of strains expressing the 

histone chaperone Asf1-FLAG3 were either left untreated or treated with the DNA 

alkylating agent methyl methane sulfonate (MMS, 0.033%) for 90 minutes and processed 

exactly as described above in (A). Total histone H3 levels in the WCEs are shown to 

demonstrate that roughly equal amounts of extracts were used for each immunoprecipitation 

reaction.
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(C) Excess histone H3 accumulates on histone chaperone Cac1 upon the deletion of the 

ubc4, ubc5 and tom1 genes. The indicated strains carrying a FLAG3 epitope on the 

endogenous gene encoding Cac1 were harvested and processed as described above in (A) 

except that no treatment with genotoxic agents such as HU or MMS were carried out.

(D) Disruption of the proteasome function results in an accumulation of excess endogenous 

histone H3 bound to Cac1. Asynchronous cultures of the indicated temperature sensitive (ts) 

proteasome mutant strains expressing the histone chaperone Cac1-FLAG3 were grown 

overnight at 25°C and then shifted to the restrictive temperature of 37°C for 2.5 hours prior 

to harvesting the cells and processing them as described above in (C).
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Figure 6. Ubc4, Ubc5, Tom1 and Rad53 interact with each other in vivo and can ubiquitylate 
histones in vitro
(A) The E2 enzymes Ubc4 and Ubc5 interact with Rad53 and histone H3. Asynchronous 

cultures of wild type (WT) strains expressing Rad53-FLAG3 and either Ubc4-MYC13 or 

Ubc5-MYC13 was harvested and WCEs prepared as described in Methods. Each WCE was 

immunoprecipitated (IPed) with MYC antibodies. The IPed material was resolved on a SDS 

4–12% polyacrylamide gradient gel and processed for Western blotting to detect the IPed 

and co-IPed proteins. No protein was detected in the immunoprecipitated material from a 

WT strain lacking epitope tags (No tag). Total histone H3 levels in the WCEs are shown to 

demonstrate that roughly equal amounts of extracts were used for each immunoprecipitation 

reaction.

(B) Tom1 interacts with Rad53. Asynchronous cultures of the WT strain expressing either 

Rad53-FLAG3 alone or in combination with Tom1-MYC13 were harvested and processed 

as described above for (A). Rad53-FLAG3 was IPed with FLAG antibodies and processed 

for Western blotting to detect the IPed and co-IPed proteins. Total Rad53-FLAG3 and 
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histone H3 levels in the WCEs are shown to demonstrate that roughly equal amounts of 

extracts were used for each immunoprecipitation reaction.

(C) In vitro ubiquitylation of histone H4 by E2 and E3 enzymes in a Rad53 dependent 

manner. Purified components were used to reconstitute the ubiquitylation of recombinant 

histone H4 in a Rad53 dependent manner in vitro as described in the Methods section and 

analyzed by Western blotting with H4 antibodies. Addition of E1 and E2 to histone H4 with 

or without Rad53 did not result in appreciable histone modifications (lanes 6 and 5 

respectively) and neither did the addition of E3 in the absence of Rad53 (lane 7). Only the 

addition of Rad53 to a mixture of histone H4, ubiquitin, E1, E2 and E3 resulted in a 

dramatic stimulation of histone modifications, which are likely to be a mixture of 

ubiquitylation and phosphorylation (lane 8).
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