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            Abstract
Histone modifications, such as the frequently occurring lysine succinylation1,2, are central to the regulation of chromatin-based processes. However, the mechanism and functional consequences of histone succinylation are unknown. Here we show that the α-ketoglutarate dehydrogenase (α-KGDH) complex is localized in the nucleus in human cell lines and binds to lysine acetyltransferase 2A (KAT2A, also known as GCN5) in the promoter regions of genes. We show that succinyl-coenzyme A (succinyl-CoA) binds to KAT2A. The crystal structure of the catalytic domain of KAT2A in complex with succinyl-CoA at 2.3 Å resolution shows that succinyl-CoA binds to a deep cleft of KAT2A with the succinyl moiety pointing towards the end of a flexible loop 3, which adopts different structural conformations in succinyl-CoA-bound and acetyl-CoA-bound forms. Site-directed mutagenesis indicates that tyrosine 645 in this loop has an important role in the selective binding of succinyl-CoA over acetyl-CoA. KAT2A acts as a succinyltransferase and succinylates histone H3 on lysine 79, with a maximum frequency around the transcription start sites of genes. Preventing the α-KGDH complex from entering the nucleus, or expression of KAT2A(Tyr645Ala), reduces gene expression and inhibits tumour cell proliferation and tumour growth. These findings reveal an important mechanism of histone modification and demonstrate that local generation of succinyl-CoA by the nuclear α-KGDH complex coupled with the succinyltransferase activity of KAT2A is instrumental in histone succinylation, tumour cell proliferation, and tumour development.
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                    Figure 1: KAT2A interacts with the α-KGDH complex in the nucleus.


Figure 2: KAT2A acts as a histone succinyltransferase.


Figure 3: α-KGDH-coupled KAT2A regulates H3K79 succinylation and gene expression.


Figure 4: H3K79 succinylation by α-KGDH-coupled KAT2A promotes tumour growth.
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Extended data figures and tables

Extended Data Figure 1 KAT2A interacts with the α-KGDH complex in the nucleus.
a, OGDH binds to KAT2A. KAT2A was immunoprecipitated from U251 cells using an anti-KAT2A antibody. The immunoprecipitate was analysed by mass spectrometry. A specific peptide (920-DMVGQVAIT-929) of OGDH was identified. The IonScore is 30, the q value is 0.004, and the Exp value (P) is 0.1792. One-sided t-tests were conducted. Representative results of two experiments are shown. b, Quantitative analyses of α-KGDH subunits in the nucleus. Immunoblotting analyses of α-KGDH subunits in the nucleus extraction of U251 cells were performed with the indicated antibodies displayed in Fig. 1b. The quantitative standard curves were used to determine the percentage of nuclear OGDH, DLST, and DLD. The x-axis presents the intensities of quantified proteins detected by immunoblotting analysis, and the y-axis presents the percentage of whole-cell lysate corresponding to each quantified protein. The percentages of nuclear OGDH, DLST, and DLD were calculated using the equations displayed above the standard curves. Representative images of triplicate experiments are shown. The R2 values represent the relationship between logY and X to the linear model (logY = log[A + B] × X). Y, percentage of whole cell lysate; X, intensity. c, Nuclear distribution of the α-KGDH complex. Immunofluorescent staining of U251 cells was performed with anti-OGDH, anti-DLST, or anti-DLD antibodies (green). The mitochondria and nuclei were stained with an anti-Tom20 antibody (red) and DAPI (blue), respectively. Representative images of more than 50 cells are shown. The majority of the α-KGDH complex overlapped with the mitochondrial protein Tom20, indicating primary mitochondrial localization of the α-KGDH complex. d, Quantitative analyses of the interaction between KAT2A and α-KGDH subunits. Immunoprecipitation analyses of U251 cell nuclei with anti-KAT2A or anti-OGDH antibodies were performed. KAT2A- or OGDH-associated proteins were analysed via immunoblotting analyses. Representative images of triplicate experiments are shown. e, f, KAT2A is not localized in mitochondria. e, Immunoblotting analyses of the mitochondria extraction and total cell lysate of U251 cells were performed with the indicated antibodies. Representative images of triplicate experiments are shown. f, Immunofluorescent analyses of U251 cells were performed with DAPI (blue) and anti-KAT2A (green) and anti-TOM20 (red) antibodies. Representative images of more than 50 cells are shown. g, OGDH depletion, which does not affect the interaction between DLST and DLD, inhibits the binding of DLST to KAT2A. OGDH was depleted in U251 cells. Immunoprecipitation analyses with an anti-DLST antibody were followed by immunoblotting analyses with the indicated antibodies. Representative images of triplicate experiments are shown. h, i, The NLS of DLST is required for nuclear distribution of the α-KGDH complex. DLST was depleted from U87 cells, which were reconstituted with expression of wild-type rDLST or the rDLST(R224A/K226E) NLS mutant. h, Immunofluorescent staining was performed with an anti-DLST or anti-OGDH antibody. The mitochondria and nuclei were stained with an anti-Tom20 antibody (red) and DAPI (blue), respectively. i, Immunoblotting analyses were performed with the indicated antibodies. Mitochondrial COX IV and IDH2 and nuclear PCNA were used to show lack of mitochondrial contamination of nuclear fractions and loading controls. Representative images of triplicate experiments are shown.


Extended Data Figure 2 KAT2A associates with α-KGDH and acts as a histone succinyltransferase.
a, rDLST NLS mutation does not affect the enzymatic activity of α-KGDH. Wild-type His–rDLST or His–rDLST NLS mutant expressed in 293 cells was precipitated using Ni-NTA agarose beads. The enzymatic activity of α-KGDH was measured. Two-sided t-tests were conducted. The data are presented as the means ± s.d. from five independent experiments (n = 5). b, rDLST NLS mutant expression does not affect cellular levels of acetyl-CoA or succinyl-CoA. The levels of acetyl-CoA and succinyl-CoA in U251 cells with depleted endogenous DLST and reconstituted expression of wild-type V5–rDLST or V5–rDLST NLS mutant were measured by LC–MS/MS. Two-sided t-tests were conducted. The data are presented as the means ± s.d. from three independent experiments (n = 3). c, rDLST NLS mutant expression does not affect total cellular protein succinylation. Lysine succinylation of whole-cell lysate of U251 cells expressing wild-type V5–rDLST or V5–rDLST NLS mutant was analysed by immunoblotting analysis with an anti-succinyl-lysine antibody. The protein levels of each sample were shown by Ponceau S staining. Representative images of triplicate experiments are shown. d, Quantification of the colocalization of KAT2A, α-KGDH complex, and histone H3. Immunofluorescent analyses were performed with anti-DLST (red), anti-KAT2A (blue), and anti-histone H3 (green) antibodies. The Pearson’s R value is used to present the extent of co-localization of two different targets. The random co-localization tests were conducted by 90° clockwise rotation of KAT2A (blue channel) and 180° clockwise rotation of histone H3 (green channel). Two-sided t-tests were conducted. Statistical analysis for 79 individual cells (n = 79) was performed. *P < 0.05. e, KAT2A-mediated histone H3 succinylation is inhibited by CoA. KAT2A-mediated histone H3 succinylation was analysed by mixing purified KAT2A, histone H3, and succinyl-CoA (2 μM) with or without addition of the indicated concentrations of CoA. Representative images of triplicate experiments are shown. f, The chemical structures of acetyl-CoA and succinyl-CoA. The various acyl tail groups in acetyl-CoA and succinyl-CoA are highlighted in blue. g, Comparison of the structures of the catalytic domain of KAT2A in complex with different acyl-CoA ligands. The four structures shown from left to right are: apo structure of human KAT2A (this study), acetyl-CoA complex of human KAT2A (PDB ID 1Z4R), succinyl-CoA complex of human KAT2A (this study), and the bisubstrate analogue complex of Tetrahymena thermophila KAT2A (PDB ID 1M1D). For clarity, only residues surrounding the acyl groups are shown. The CoA substrate molecules are shown as yellow sticks. Hydrogen bonds are shown as dotted lines. h, KAT2A-mediated histone H3 succinylation is moderately affected by acetyl-CoA. KAT2A-mediated histone H3 succinylation was analysed by mixing purified KAT2A, histone H3, and succinyl-CoA (2 μM) with or without acetyl-CoA (2 μM). Immunoblotting analyses were performed with the indicated antibodies. Representative images of triplicate experiments are shown. i, j, The steady-state kinetics of KAT2A-mediated histone H3 modifications. Immunoprecipitated wild-type Flag–rKAT2A or Flag–rKAT2A(Y645A) from 293 cells was incubated with purified histone H3 in the presence of acetyl-CoA or succinyl-CoA. The steady-state kinetics of KAT2A activity was analysed by measuring CoA production. The Km values of wild-type Flag–rKAT2A for histone H3 acetylation and succinylation were 0.83 ± 0.13 μM (means ± s.d.) and 0.36 ± 0.04 μM, respectively. The Km values of Flag–rKAT2A(Y645A) for histone H3 acetylation and succinylation were 0.79 ± 0.08 μM and 1.73 ± 0.29 μM, respectively. The steady-state kinetic curves show the mean values from three independent measurements (i, n = 3). The Vmax values of wild-type Flag–rKAT2A for histone H3 acetylation and succinylation were 1.56 ± 0.07 nM s−1 (mean ± s.d.) and 1.80 ± 0.06 nM s−1, respectively. The Vmax values of Flag–rKAT2A(Y645A) for histone H3 acetylation and succinylation were 1.50 ± 0.05 nM s−1 and 0.87 ± 0.09 nM s−1, respectively (j). Two-sided t-tests were conducted. The data are presented as means ± s.d. from three independent experiments (n = 3). *P < 0.05. k, The KAT2A binding pocket for succinyl-CoA. The structurally conserved core regions of the HAT domains are shown in blue, whereas the flanking N- and C-terminal regions are shown in grey. The two enlarged panels, viewed with 90° rotation, display the van der Waals surface of KAT2A in grey around the succinyl group of succinyl-CoA. The cofactors are shown as follows: carbon in yellow, oxygen in red, nitrogen in blue, and sulfur in light brown. The alternative pockets are marked by dotted circles. The polypeptide regions surrounding the two extra pockets are highlighted in magenta and cyan, respectively. l, KAT2A, but not EP300, succinylates histone H3 in vitro. Purified histone H3 and succinyl-CoA were mixed with immunoprecipitated Flag–KAT2A or Flag–EP300 from 293 cells. Immunoblotting analyses were performed with the indicated antibodies. Representative images of triplicate experiments are shown.


Extended Data Figure 3 KAT2A coupled with the α-KGDH complex regulates H3K79 succinylation and gene expression.
a, H3K79 is succinylated. Purified wild-type or mutated histone H3 was incubated with purified KAT2A and succinyl-CoA. Mass spectrometric analysis of a tryptic fragment of histone H3 at monoisotopic m/z 718.35706 Da (+0.21 milli-mass unit (m.m.u.)/+0.29 p.p.m.) matched with the doubly charged peptide 73-EIAQDFKTDLR-83 with K7-succinyl (100.01604 Da), suggesting that H3K79 was succinylated. The IonScore (Mascot) was 51, and the expectation value (P) was 5.5 × 10−3. b, Analyses of the specificity of the antibody against H3K79 succinylation. Synthetic histone H3 peptides with or without H3K79 succinylation were used to test the specificity of the antibody against H3K79 succinylation. Representative images of triplicate experiments are shown. MW, molecular weight. c, Identification of histone H3 K79 succinylation in U251 cells. Histones were extracted from U251 cells. Mass spectrometric analysis of a tryptic fragment of histone H3 extracts from U251 cells at monoisotopic m/z 718.35559 Da (−1.26 m.m.u./ −1.75 p.p.m.) matched with the doubly charged peptide 73-EIAQDFKTDLR-83 with K7-succinyl (100.01604 Da), suggesting that H3K79 was succinylated. The IonScore (Mascot) was 40, and the expectation value (P) was 2.5 × 10−2. d, Semi-quantitative comparison of posttranslational modifications of histone H3 with or without KAT2A depletion. Histones were extracted from U251 cells with or without KAT2A depletion. Mass spectrometric analyses identified the specific peptides of H3K14 acetylation (KSTGGKacAPR), H3K24 acetylation (KQLATKacAAR), H3K79 succinylation (EIAQDFKsuccTDLR), and H3K122 acetylation (RVTIMPKacDIQLAR). The succinylated H3K79 peptide was identified in the histone extracts from U251 cells in the absence but not presence of KAT2A depletion (Mascot IonScore, 40; expectation value, 2.5 × 10−2). The peptides of H3K14ac, H3K24ac, and H3K122ac were identified in histone extracts from U251 cells with or without KAT2A depletion (Mascot IonScore >30; expectation value < 0.05). KAT2A depletion reduced H3K14 acetylation, but not acetylation of H3K24 and H3K122. The semiquantitative results were obtained by the ratio of specific peptide iron intensity to total histone H3 iron intensity (n = 1). e, EP300 does not regulate histone H3 K79 succinylation. EP300 shRNA was expressed in U251 cells. Immunoblotting analyses were performed with the indicated antibodies. EP300 depletion reduced the acetylation of H3K18 and H3K27. Representative images of triplicate experiments are shown. f, Quantitative analyses of acetyl-CoA and succinyl-CoA levels in GBM cells. The levels of acetyl-CoA and succinyl-CoA in the nuclear extracts of U87 and U251 cells were measured by LC–MS/MS. Quantitative limits: ratio of signal intensity to noise intensity > 5. Two-sided t-tests were conducted. The data are presented as the means ± s.d. from three independent experiments (n = 3). *P < 0.05. g, The enzymatic activity of wild-type OGDH and inactive OGDH(P459A/Y460A) was determined. Two-sided t-tests were conducted. The data are presented as the means ± s.d. from three independent experiments (n = 3). *P < 0.05. h, KAT2A uses α-KGDH-produced succinyl-CoA for histone H3 succinylation in the presence of acetyl-CoA and absence of exogenous succinyl-CoA. Purified KAT2A, histone H3, CoA, α-ketoglutarate, NAD+, and acetyl-CoA were incubated with or without immunoprecipitated wild-type Flag–OGDH from 293 cells. Immunoblotting analyses were performed with the indicated antibodies. Representative images of triplicate experiments are shown. i, The DLST NLS mutant does not succinylate purified histone H3. Wild-type Flag–rKAT2A was co-expressed with wild-type V5–rDLST or V5–rDLST NLS mutant in 293 cells. The nuclei of 293 cells were extracted. Immunoprecipitated nuclear wild-type Flag–rKAT2A (which associated with wild-type V5–rDLST but not V5–rDLST NLS mutant) was incubated with purified histone H3, CoA, α-ketoglutarate, and NAD+. Immunoblotting analyses were performed with the indicated antibodies. Representative images of triplicate experiments are shown. j, KAT2A in the SAGA complex does not regulate H3K79 succinylation. U251 cells with or without TAF9 shRNA were analysed by immunoblotting assay with the indicated antibodies. Representative images of triplicate experiments are shown. k, Genomic distributions of ChIP–seq peaks for H3K79 succinylation, KAT2A, and α-KGDH (OGDH) in U251 cells. l, Venn diagram shows the overlap of H3K79 succinylation (red)-, KAT2A (blue)-, and α-KGDH (yellow)-occupied gene promoters (P = 0.02 (one-sided Fisher’s exact test)). m, H3K79 succinylation by KAT2A is a dynamic process. Purified KAT2A was incubated with streptavidin bead-immobilized nucleosomes and biotin-labelled DNA. The immobilized KAT2A–nucleosome complex was washed with PBS three times and incubated with succinyl-CoA in the presence or absence of purified and soluble nucleosome-containing His–histone H3, which was assembled with bacterially purified nonmodified histone components. Immunoblotting analyses were performed with the indicated antibodies. Representative images of triplicate experiments are shown. n, KAT2A depletion reduces H3K79 succinylation in the gene promoter regions. Venn diagram showing the overlap of H3K79 succinylation-occupied gene promoters in U251 cells (red) and U251 cells expressing KAT2A shRNA (green) (P = 0.02 (one-sided Fisher’s exact test)).


Extended Data Figure 4 Cell signalling pathways enriched with genes with H3K79-succinylated promoter regions.
Nodes stand for 130 GSEA-identified pathways (P < 0.005 and FDR q < 0.001). Each node represents one pathway. The node size reflects the number of genes in the pathway, whereas the node colour reflects the P value from the GSEA. Red indicates that the pathways are significantly enriched with genes with H3K79 succinylation in their promoter regions. Edges: two nodes are connected if the group of genes from the smaller node is strictly contained in the gene group from the larger node (that is, every member of the smaller pathway is also a member of the larger pathway). Highly connected node clusters reflect functional modules, which share a large portion of genes regulated by H3K79 succinylation. The 130 nodes are connected by 147 edges. Among the 130 nodes, 21 nodes, which are connected by 67 edges, are linked to the pathways of Cell Cycle and Cell Cycle Mitotic, both of which are defined in the Reactome database.


Extended Data Figure 5 Selected cell signalling pathways enriched with the genes with H3K79-succinylated promoter regions.
a, H3K79 succinylation regulates critical cellular signalling pathways. Hypergeometric tests selected H3K79 succinylation-enriched signalling pathways in U251 cells with DLST(R224A/K226E) or KAT2A(Y645A) mutant expression. y-axis: level of significance from RNA-seq data, which takes the form of (−log10P) × reg, where reg = −1, indicating that the pathway is enriched with downregulated genes based on the comparison of mutant with wild-type proteins. One-sided hypergeometric test for overrepresentation was conducted. The data are from one RNA-seq sample. b, c, Combined view of ChIP–seq and RNA-seq data revealing histone H3K79 succinylation-enriched pathways that were significantly suppressed by the expression of V5–rDLST(R224A/K226E) (b) or Flag–rKAT2A(Y645A) (c). Significantly downregulated pathways were identified via hypergeometric tests (blue nodes, P < 0.01 and FDR q < 0.05) and were enriched with downregulated genes (individual genes with fold enrichment >2 and FDR q < 0.1 in ChIP–seq data and P < 0.05 and FDR q < 0.1 in RNA-seq data). The selected genes (PRKDC, JUN, and PIK3R1) were those that were most significantly suppressed (red nodes, P < 0.005 and FDR q < 0.05 in RNA-seq; fold enrichment >4 and FDR q < 0.05 in ChIP–seq) or important hitches between these suppressed pathways. The blue node size reflects the number of significantly suppressed genes in the pathway. Edges represent more than 40% of gene members shared between the pathways. d, e, α-KGDH-coupled KAT2A regulates gene expression. mRNA expression levels of PIK3R1, JUN, and PRKDC in U87 cells with depleted endogenous KAT2A and reconstituted expression of wild-type Flag–rKAT2A or Flag–rKAT2A(Y645A) mutant (d) or with depleted endogenous DLST and reconstituted expression of wild-type V5–rDLST or V5–rDLST NLS mutant (e) were determined using quantitative PCR. Two-sided t-tests were conducted. The data are presented as the means ± s.d. from three independent experiments (n = 3). *P < 0.05. f, g, α-KGDH-coupled KAT2A regulates gene expression. mRNA expression levels of PIK3R1, JUN, and PRKDC in U251 cells with depleted endogenous KAT2A and reconstituted expression of wild-type Flag–rKAT2A or Flag–rKAT2A(Y645A) (f) or with depleted endogenous DLST and reconstituted expression of wild-type V5–rDLST or V5–rDLST NLS mutant (g) were determined using quantitative PCR. Two-sided t-tests were conducted. The data are presented as the means ± s.d. from three independent experiments (n = 3). *P < 0.05. h, i, α-KGDH-coupled KAT2A regulates gene expression. Expression levels of p85α, c-Jun, and DNA-PKcs in U251 cells with depleted endogenous KAT2A and reconstituted expression of wild-type Flag–rKAT2A or Flag–rKAT2A(Y645A) (h) or with depleted endogenous DLST and reconstituted expression of wild-type V5–rDLST or V5–rDLST NLS mutant (i) were determined using immunoblotting analyses with the indicated antibodies. Representative images of triplicate experiments are shown.


Extended Data Figure 6 α-KGDH-coupled KAT2A promotes tumour growth.
a, α-KGDH-coupled KAT2A promotes tumour cell proliferation. A total of 104 U251 cells with depleted endogenous KAT2A and reconstituted expression of wild-type Flag–rKAT2A or Flag–rKAT2A(Y645A) or depleted endogenous DLST and reconstituted expression of wild-type V5–rDLST or V5–rDLST NLS mutant were plated. The cells were collected and counted daily for nine days. The data are presented as the means ± s.d. from three independent experiments (n = 3). b, α-KGDH-coupled KAT2A promotes tumour growth. U87 cells with depleted endogenous DLST and reconstituted expression of wild-type V5–rDLST or V5–rDLST NLS mutant were intracranially injected into athymic nude mice. Representative haematoxylin and eosin-stained coronal brain sections are shown. Tumour volumes were calculated. Two-sided t-tests were conducted. Data represent the means ± s.d. of 5 mice (n = 5). *P < 0.05. c, Immunohistochemical analyses of the brain tumour sections were performed with an anti-Ki67 antibody. d, Immunohistochemical analyses of the brain tumour sections were performed with the indicated antibodies. e, f, α-KGDH-coupled KAT2A promotes H3K79 succinylation in tumour cells. Quantification of the immunoblotting (Fig. 4d) was performed using ImageJ software (e). Immunoblotting analyses of histone extracts from tumour tissues were performed with the indicated antibodies (f). Two-sided t-tests were conducted. Quantitative data represent the means ± s.d. of 5 samples (n = 5). *P < 0.05. Representative images of triplicate experiments are shown.
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