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            Abstract
Nucleosomes are decorated with numerous post-translational modifications capable of influencing many DNA processes1. Here we describe a new class of histone modification, methylation of glutamine, occurring on yeast histone H2A at position 105 (Q105) and human H2A at Q104. We identify Nop1 as the methyltransferase in yeast and demonstrate that fibrillarin is the orthologue enzyme in human cells. Glutamine methylation of H2A is restricted to the nucleolus. Global analysis in yeast, using an H2AQ105me-specific antibody, shows that this modification is exclusively enriched over the 35S ribosomal DNA transcriptional unit. We show that the Q105 residue is part of the binding site for the histone chaperone FACT (facilitator of chromatin transcription) complex2. Methylation of Q105 or its substitution to alanine disrupts binding to FACT in vitro. A yeast strain mutated at Q105 shows reduced histone incorporation and increased transcription at the ribosomal DNA locus. These features are phenocopied by mutations in FACT complex components. Together these data identify glutamine methylation of H2A as the first histone epigenetic mark dedicated to a specific RNA polymerase and define its function as a regulator of FACT interaction with nucleosomes.
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                    Figure 1: Identification and localization of methylated H2A glutamine 105.[image: ]


Figure 2: Identification of Nop1/fibrillarin as the methyltransferase of Q105.[image: ]


Figure 3: Genomic landscape of Q105me.[image: ]


Figure 4: Unmodified Q105 is part of a recognition motif for FACT.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mass spectrometry of histone H2A.
a, Tandem mass spectrum of the unmodified peptide sequence VTIAQGGVLPNIQAVLLPK from histone H2A. The spectrum correlates with the Q104me modified spectrum presented in Fig. 1a. b, Isotope cluster of Q104me modified peptide VTIAQGGVLPNIQAVLLPK from H2A. Using high-resolution mass spectrometry ensures that peptides are identified with an accuracy of parts per million.


Extended Data Figure 2 Position of H2AQ105 in the nucleosome.
Structure of the yeast nucleosome (1ID3). Q105 is highlighted as a red sphere, localized at the surface of the histone octamer without contacting the DNA, but it is part of the interface between H2A and H3. H3 is in yellow, H4 in orange, H2A in blue and H2B in green.


Extended Data Figure 3 Quality control of the H2A Q105me antibody.
a, Examples of dot blots of dilution series (1:2) of unmodified or methylated peptide spotted on 0.22â€‰Î¼m PVDF membrane and developed using the anti-H2A Q105me antibody. b, Left, western blot on lysates of cells harbouring either WT or Q105A H2A as sole source of histones; right, human lysate from MCF10A cells. All western blots were probed with the anti-H2AQ105me-specific antibody or anti-H2A upon stripping, respectively. c, Peptide competition by western blotting with the indicated peptides shows that only the methylated peptide can compete the signal of MCF10A lysates (peptide concentration was at 1â€‰Î¼gâ€‰mlâˆ’1). d, Direct enzyme-linked immunosorbent assay (ELISA) against the indicated peptides. Biotinylated peptides were immobilized on streptavidine-coated 96-well plates and the ELISA was performed using a 1:20,000 dilution of the anti-Q105me antibody. The ELISA was developed using horseradish peroxidase (HRP)-coupled secondary anti-rabbit antibody and 3,3â€², 5,5â€²â€²-tetramethylbenzidine (TMB) as substrate.


Extended Data Figure 4 Western blot quantification of in vitro methylation reaction and detailed fragmentation table.
a, Quantification of five independent in vitro methylation reactions. Western blots were scanned and intensities were determined using ImageJ. *Pâ€‰<â€‰0.05. b, Theoretical and measured b- and y-ion fragment masses for Q104 methylation of human H2A (peptide sequence VTIAQGGVLPNIQAVLLPK) for mass spectrum shown in Fig. 2e.


Extended Data Figure 5 Western blot quantification and growth curves for Nop1/fibrillarin depletion.
a, Quantification of western blots for Fig. 2f. Here, the average band intensities of three independent experiments were determined using ImageJ and plotted. The amounts of H2AQ105me were expressed as relative levels at time point t = 0. *Pâ€‰<â€‰0.05. b, Growth curve of WT and nop1.3 ts strains upon shift to restrictive temperature. c, Alignment of yeast Nop1 and its mammalian orthologue fibrillarin indicates that both proteins share around 70% identity. d, Human fibrillarin is able to replace yeast Nop1 to methylate H2AQ105 in vivo. Note that human fibrillarin migrates slightly faster than yeast Nop1. e, Quantification of western blots for Fig. 2g. Here, the average band intensities of three independent experiments were determined using ImageJ and plotted. *Pâ€‰<â€‰0.05. f, MTT assays of MCF10A cells transfected with scrambled RNA interference or RNA interference directed against fibrillarin (si5 and si6).


Extended Data Figure 6 Deletion of rDNA copies does not affect H2AQ105me.
The deletion of rDNA copies in yeast (as indicated in the figure) does not decrease the level of Q105me within the cells. Extracts from yeast isogenic yeast strains harbouring different numbers of rDNA repeats were subjected to western blotting and probed with the anti-Q105me and anti-H2A antibodies respectively.


Extended Data Figure 7 Actinomycin D treatment leads to loss of Q104/5me in cells.
a, Logarithmically growing yeast cells were treated with 500â€‰ngâ€‰mlâˆ’1 actinomycin D (ActD+) or dimethylsulphoxide (ActDâˆ’) for 2â€‰h before fixation. ChIP against Q105me and H2A was analysed with the indicated primer sets and the ratio treated/untreated (showing either an increase or decrease in treated/untreated samples) was plotted in log2 scale. b, MCF10A cells were treated with either dimethylsulphoxide or 50â€‰ngâ€‰mlâˆ’1 actinomycin D for 2â€‰h specifically to shut down RNA polymerase-I-mediated transcription. Cells were fixed and processed for immunofluorescence with the indicated antibodies/dyes. c, As in b, but with NIH-3T3 cells.


Extended Data Figure 8 Genetic interaction of spt16-11 and H2AQ105A.
a, Sequence of H2A with highlighted residues that genetically interact positively (light blue,17 or negatively (green)18 with FACT thermosensitive mutations. H2AQ105 (red) is part of this region. b, Analysis of wild-type H2A or H2AQ105A in either wild type (SPT16) or thermosensitive mutations (spt16-11) with respect to their effect on the induction of a FACT-dependent gene (GAL1). Cells were grown in Raffinose-containing media overnight, diluted into Raffinose-containing media and allowed to grow to mid-logarithmic phase before shifting them to restrictive temperature for 4â€‰h. Gal1 was induced by addition of 2% galactose (final). Samples were taken before and 120â€‰min after induction. The relative ratio of GAL1-mRNA levels of three independent experiments is given. Also note that this assay is artificial as Q105me is not detected at the GAL1 locus in wild-type strains and is only intended to show a potential genetic interaction between H2AQ105me and FACT if they occur at a given genomic location. It is important to note that GAL1 is an inducible gene and different functions of FACT are required for inducible and steadily expressed genes. The activation of promoters requires the removal of nucleosomes whereas constitutive transcription relies on both removal and re-deposition. To understand the differences between these two FACT functions, we looked at the steady-state level of (c) low, (d) mid- and (e) high constitutively expressed genes at 30â€‰Â°C. Interestingly, in contrast to inducible genes, many constitutive genes show increased transcription in Q105A and spt16, in agreement with a more open chromatin state.


Extended Data Figure 9 FACT binds to a region spanning H2AQ105.
a, Left, the peptides enriched in a phage display screen using recombinant Spt16/Pob3 as bait; right, a putative consensus binding sequence (red). b, The interaction between Q105 and FACT and the influence of its methylation are conserved from yeast to mammalian cells. HeLa nuclear extract was incubated with the indicated peptides bound to streptavidin-coupled Dynabeads. Bound proteins were analysed by western blotting.


Extended Data Figure 10 Influence of H2AQ105A on Nap1 binding.
a, The induction kinetics for Gal1-driven H2A in wild-type and spt16 mutant cells, as well as H2AQ105A, is identical. Cells were treated as in Fig. 4f and samples were taken at the indicated time points and analysed by western blotting. b, H2A Q105 is not required for interaction with the histone chaperone Nap1. Flag-tagged Nap1 was used to immunoprecipitate either wild-type H2A or the Q105A mutant H2A. An untagged wild-type strain served as background control.
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All-in-one protein and RNA methylation
Post-translational modifications of histones are important for many DNA-templated processes. Here, Tony Kouzarides and colleagues identify a novel histone modification, methylation of glutamine, on histone H2A in yeast and human cells. The modification is exclusive to the nucleolus, being enriched over rDNA, and the enzyme responsible is a previously described rRNA methyltransferase. Glutamine methylation facilitates rDNA transcription by regulating binding of the histone chaperone complex FACT to nucleosomes, and it seems to have evolved as a modification dedicated to ribosomal biosynthesis. The finding that a protein can catalyse the methylation of both proteins and RNA raises the possibility that many other enzymes may have such dual specificity.
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