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Sirtuin 1/sirtuin 3 are robust lysine
delactylases and sirtuin 1-mediated
delactylation regulates glycolysis

Runhua Du,1,2 Yanmei Gao,3 Cong Yan,2 Xuelian Ren,1,2 Shankang Qi,2 Guobin Liu,2 Xinlong Guo,2

Xiaohan Song,2 Hanmin Wang,2 Jingxin Rao,4 Yi Zang,5 Mingyue Zheng,4 Jia Li,2 and He Huang1,2,3,6,*
SUMMARY

Lysine lactylation (Kla), an epigenetic mark triggered by lactate during glycolysis, including the Warburg
effect, bridgesmetabolism and gene regulation. Enzymes such as p300 andHDAC1/3 have been pivotal in
deciphering the regulatory dynamics of Kla, though questions about additional regulatory enzymes, their
specific Kla substrates, and the underlying functional mechanisms persist. Here, we identify SIRT1 and
SIRT3 as key "erasers" of Kla, shedding light on their selective regulation of both histone and non-
histone proteins. Proteomic analysis in SIRT1/SIRT3 knockout HepG2 cells reveals distinct substrate spec-
ificities toward Kla, highlighting their unique roles in cellular signaling. Notably, we highlight the role of
specific Kla modifications, such as those on the M2 splice isoform of pyruvate kinase (PKM2), in modu-
lating metabolic pathways and cell proliferation, thereby expanding Kla’s recognized functions beyond
epigenetics. Therefore, this study deepens our understanding of Kla’s functional mechanisms and
broadens its biological significance.

INTRODUCTION

Protein post-translational modifications (PTMs) play essential roles in various physiological and pathological processes, contributing to

almost all biological pathways.1 Recent research has established connections between metabolite pools and PTMs, as many metabolites

are substrates for enzymes involved in PTM pathways.2 For example, acetyl-coenzyme A (CoA) can be used for lysine acetylation (Kac) by ace-

tyltransferase through themitochondrial oxidation of carbon sources such as glucose, amino acids, and fatty acids, or through the recycling of

acetate groups. Similarly, S-adenosylmethionine (SAM), derived directly from the combined activities of serine-glycine-one carbon meta-

bolism and the methionine cycle, can be employed by methyltransferases for lysine methylation.2,3 These observations suggest that fluctu-

ations in metabolite levels might affect the deposition and removal of chromatin modifications.

Lactate, a metabolite produced during glycolysis, is found at higher levels in cancer cells compared to normal cells, playing a crucial role in

tumor occurrence and development.4 Recently, a new type of epigenetic modification, histone lysine lactylation (Kla), derived from lactate,

has been identifiedby us, providing insight into themechanism linking lactatemetabolism tometabolic rewiring and epigenetic remodeling.5

Subsequent studies have also uncovered Kla on non-histone proteins and explored the roles of Kla under physiological and pathological con-

ditions, such as in cancer, inflammation, stem cell regulation, embryonic development, neuropsychiatric disorders, homologous recombina-

tion repair and so on.6–10

Identifying key regulatory elements of the PTMs, such as the ‘‘writers,’’ ‘‘erasers,’’ and substrates, is essential for understanding their func-

tions. In our initial study of Kla, we identified p300 as a promising histone Kla transferase.5 Subsequently, HDAC1/3 and SIRT2 were found

capable of removing Kla.11–13 Recently, SIRT3 is reported to be an eraser of histone lactylation.14 Despite these advancements, questions

remain regarding whether other enzymes regulate Kla status and what specific Kla substrates are regulated by each enzyme, along with their

functional preferences and switching mechanisms.

Sirtuins, a highly conserved family of nicotinamide adenine dinucleotide (NAD+)-dependent deacylases, exhibit diverse actions, substrate

affinities, and subcellular compartmentation.15 Given the similarity of catalytic activity among sirtuins, in addition to SIRT2 and SIRT3, other

sirtuin members may also serve as ‘‘erasers’’ for Kla, exerting differential regulation on it.
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Here, our study reveals that SIRT1 and SIRT3 act as robust "erasers" of Kla both in vitro and in mammalian cells, affecting both histone and

non-histone substrates. We quantitatively analyzed the Kla and Kac proteomes in wildtype (WT), SIRT1 knockout (KO), and SIRT3 KO HepG2

cells, successfully identifying 8075 Kla sites and 3515 Kac sites, respectively. Furthermore, we investigated the Kla and Kac substrates specif-

ically regulated by SIRT1 or SIRT3. In total, 1348 Kla sites and 705 Kac sites were specifically mediated by SIRT1, while 1143 Kla sites and

177 Kac sites were specifically mediated by SIRT3. Notably, there was minimal overlap between the Kla and Kac substrates targeted by

SIRT1 and SIRT3, suggesting distinct regulatory patterns of these two enzymes toward the two acylations. Pathway analysis revealed that while

some of the Kla substrates regulated by SIRT1 and SIRT3 were enriched in similar pathways, such as spliceosome pathway, the pathways

modulated by the Kla substrates targeted by these two delactylases also exhibited distinct preferences. For instance, SIRT1-targeted Kla pro-

teins were significantly associated with RNA metabolism pathways, while Kla proteins regulated by SIRT3 tended to participate in inflamma-

tion and alcoholism-related pathways. However, SIRT3-targeted Kac proteins showed a preference for involvement in carbon metabolism.

Importantly, we found that K228la of alpha-enolase (ENO1) is a target of SIRT1 and SIRT3, while K207la of PKM2 is specifically delactylased

by SIRT1. We further demonstrated that PKM2-K207la reduces PKM2 activity by impeding tetramer formation and alters intracellular locali-

zation, subsequently inhibiting glycolysis and cell growth.

In summary, our study identifies SIRT1 and SIRT3 as robust ‘‘erasers’’ of the Kla pathway in mammalian cells and characterizes the SIRT1/

SIRT3-regulated Kla and Kac substrate profiles. Bioinformatics analysis highlights the unique biological functions of SIRT1/SIRT3-targeted Kla

and Kac proteins. Further functional studies elucidate the regulatory mechanisms of specific Kla sites on non-histone proteins, providing in-

sights into the roles of Kla beyond epigenetics. These findings establish the essential foundation for further investigating the functional

phenotype and mechanisms of Kla in depth.

RESULTS
Sirtuin 1 and sirtuin 3 extensively regulate lysine lactylation levels in mammalian cells

Our previous study has indicated that p300 functions as a ‘‘writer’’ for histone Kla,5 followed by reports identifying HDAC1-3 and SIRT2 as

‘‘erasers’’ of histone Kla.11,12 However, whether there are other ‘‘erasers’’ responsible for bulk delactylation, including both histones and

non-histones, remain poorly understood. Given that sirtuins are a class of enzymewith NAD+-dependent protein lysine deacylase activities,16

we hypothesized that other sirtuins may also exhibit delactylation activity. Therefore, we carried out an in vitro assay using 7 recombinant

sirtuins (including SIRT1-7) and core histones derived from HEK293T cells (Figure 1A). Our results showed that SIRT1-3 exhibited significant

de-Kla activity toward core histones in vitro. To further confirm this result, we individually overexpressed SIRT1-3 in HEK293T cells. Consistent

with the in vitro assay, overexpression of SIRT1 and SIRT3markedly reduced the global level of Kla, while overexpression of SIRT2 had aminor

effect on the global level of Kla (Figure 1B). These results preliminarily suggested that SIRT1 and SIRT3 can remove Kla both in vitro and in vivo.

To further validate the Kla deacylase ability of SIRT1 and SIRT3, we constructed SIRT1 KO and SIRT3 KO cell lines in HepG2 cells. Western blot

analysis comparing the levels of Kla and Kac in WT, SIRT1 KO, and SIRT3 KO HepG2 cells showed a significant increase in Kla level in both

histone and non-histone proteins in SIRT1 KO and SIRT3 KO HepG2 cells, while Kac levels were slightly affected (Figures 1C, S1A, and S1B).

Taken together, these results indicate that SIRT1 and SIRT3 are robust ‘‘erasers’’ of Kla, extensively regulating Kla levels in mammalian cells.

Proteome-wide identification of lysine lactylation and lysine acetylation substrates regulated by sirtuin 1 or sirtuin 3 in

hepatocellular carcinomas cells

To gain insight into the landscape of SIRT1/SIRT3-targeted Kla substrates and the different regulatory mechanisms of SIRT1 and SIRT3 on Kla

and Kac in HepG2 cells, we quantitatively analyzed the Kla and Kac proteomes in WT, SIRT1 KO, and SIRT3 KO HepG2 cells using HPLC-MS/

MS (Figure 2A). Proteins extracted fromWT, SIRT1 KO, and SIRT3 KOHepG2 cells were digested into peptideswith trypsin. Subsequently, the

peptides enriched by immunoprecipitation were subjected to HPLC-MS/MS analysis. Through this procedure, we successfully identified

8075 Kla sites on 2422 proteins and 3515 Kac sites on 1680 proteins (Tables S1 and S2). This result significantly expanded the map of Kla sub-

strates, encompassing numerous non-histone substrates in addition to histones, indicating the widespread distribution of Kla proteins in

mammalian cells.

Furthermore, we investigated the Kla and Kac substrates specifically regulated by SIRT1 or SIRT3 using a label-free quantitative method.

The abundance of modified peptides was normalized to corresponding protein abundance to eliminate the influence of protein expression

on modification abundance. Quantitative proteomics analysis showed that in HepG2 cells lacking SIRT1, 1348 Kla sites on 724 proteins were

significantly upregulated (p-value <0.05 by t-test, Table S3), while 705 Kac sites on 477 proteins showed a similar increase (p-value <0.05 by

t-test, Table S4) (Figure 2B). In SIRT3 KO HepG2 cells, 1143 Kla sites on 680 proteins exhibited a significant increase (p-value <0.05 by t-test,

Table S5), while 177 Kac sites on 153 proteins displayed a similar increase (p-value <0.05 by t-test, Table S6) (Figure 2B). These results revealed

the SIRT1/SIRT3-regulated Kla and Kac substrate profiles, indicating significant alterations in protein Kla levels in the absence of SIRT1 or

SIRT3 and in mammalian cells.

Among the SIRT1/SIRT3-targeted Kla and Kac substrates, 450 SIRT1-targeted and 453 SIRT3-targeted proteins had a single Kla site, and

362 SIRT1-targeted and 133 SIRT3-targeted proteins had a single Kac site, while 41 and 18 proteins regulated by SIRT1 and SIRT3 respectively

harbored at least 5 Kla sites, and only 11 proteins regulated by SIRT1 had more than 5 Kac sites (Figure 2C). Additionally, some proteins ex-

hibited highly modified Kla in the absence of SIRT1 or SIRT3 (Figure 2D). For example, the neuroblast differentiation-associated protein

AHNAK was the most lactylated protein, with 45 and 66 Kla sites upregulated by SIRT1 and SIRT3, respectively. Moreover, antigen KI-67 con-

tained 30 Kla sites targeted by SIRT1 and 14 Kla sites targeted by SIRT3, making it the secondmost lactylated protein. However, the numbers
2 iScience 27, 110911, October 18, 2024
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Figure 1. In vitro and in vivo screening of Kla deacylases

(A) In vitro screening of sirtuins’ delactylase activities.

(B) Western blot analysis of Kla levels upon SIRT1-3 overexpression in HEK293T cells.

(C) Western blot analysis demonstrating increased Kla levels on both histones and non-histones upon knockout of SIRT1 and SIRT3 in HepG2 cells.
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Figure 2. Identification of the global lysine lactylome and acetylome in HepG2 cells by HPLC-MS/MS

(A) Schematic overview of the experimental workflow for the identification of Kla and Kac in WT, SIRT1 KO, and SIRT3 KO HepG2 cells.

(B) Volcano plots representing the differentially expressed Kla and Kac sites between SIRT1 KO or SIRT3 KO versus WT HepG2 cells.

(C) Distribution of the number of SIRT1/SIRT3-targeted Kla and Kac sites identified per protein.

(D) The bar graph shows the fold change of lactylated and acetylated peptide intensities on the proteins highly regulated by SIRT1/SIRT3.
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Figure 3. Differential analysis of the global lysine lactylome and acetylome in SIRT1 KO and SIRT3 KO HepG2 cells

(A) PCA analysis of SIRT1/SIRT3-targeted Kla and Kac sites in WT, SIRT1 KO, and SIRT3 KO HepG2 cells.

(B) Distribution and comparison of the number of SIRT1/SIRT3-targeted Kla and Kac sites. The horizontal coordinates represent the total number of Kla and Kac

sites that are specifically regulated by SIRT1/SIRT3, while the vertical coordinates represent the number of intersections between SIRT1/SIRT3-regulated Kla and

Kac sites. Groups with intersections are connected by dots.

(C) Heatmap showing the degree of significant difference and GO enrichment pathway analysis of SIRT1 and SIRT3-targeted Kla and Kac sites. The

hypergeometric distribution was applied to assess the enrichment of genes in specific pathways. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

(D) Sequence motif logo showing a representative sequence for all Kla sites and Kac sites regulated by SIRT1 or SIRT3.
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of Kac sites regulatedby SIRT1/SIRT3 onAHNAKand antigen KI-67were fewer than the Kla sites. Thewidespreadoccurrence of Kla substrates

compared to Kac substrates underscores the significant role of SIRT1/SIRT3 in regulating Kla.

Sirtuin 1 and sirtuin 3 differentially regulate lysine lactylation and lysine acetylation

SIRT1 and SIRT3, both NAD+-dependent deacylases within the sirtuins family,17 exhibit highly divergent biological functions despite their

relative conservation. This divergence arises from differences in enzymatic activities, unique binding partners and substrates, as well as

distinct subcellular localization and expression patterns.18 SIRT1, predominantly nuclear,19 focuses on gene regulation, DNA repair, and

metabolic control, influencing lifespan and stress resistance. Conversely, SIRT3 operatesmainly in themitochondria,20 tuningmetabolic path-

ways, antioxidant defenses, and fatty acid oxidation, crucial for energy metabolism and cellular responses to oxidative stress.21,22 Their

specialized roles reflect the diverse adaptions of sirtuins to manage cellular processes in different organelles. However, several reports

have explicitly shown their overlapping roles in several physiological conditions. For example, both sirtuins contribute to the regulation of

cellular metabolism, with SIRT1 influencing glucose and lipid metabolism in the nucleus and cytoplasm, and SIRT3modulatingmitochondrial

metabolic pathways.23,24 They also play roles in enhancing cellular resistance to stress and damage, with SIRT1 participating in DNA repair25

and SIRT3 contributing to antioxidant defenses.20 Additionally, both enzymes have been implicated in aging and longevity,26,27 reflecting

their shared importance in maintaining cellular health and homeostasis. Thus, to elucidate the roles of SIRT1 and SIRT3 in Kla and Kac path-

ways, we performed a differential analysis of Kla and Kac substrates regulated by these two enzymes.

Initially, we performed principal component analysis (PCA) to gain an overall perspective of the lysine lactylome and acetylome in the

absence of SIRT1 or SIRT3. As expected, significant variations in Kla or Kac sites were observed in WT, SIRT1 KO, and SIRT3 KO HepG2 cells,

indicating that the knockout of SIRT1 or SIRT3 stably and differentially affected distinct Kla and Kac substrate sites, thereby enabling unique

biological functions (Figure 3A). Furthermore, we compared the overlap of SIRT1/SIRT3-targeted Kla/Kac sites and found a minimal overlap

rate (Figure 3B). For instance, nearly 61.4% (828) of Kla sites targeted by SIRT1 (out of 1348 in total) were distinct from other SIRT3-targeted Kla

sites or SIRT1/SIRT3-regulatedKac sites. Similarly, approximately 57.2% (654) of Kla sites targetedby SIRT3 (out of 1143 in total) were excluded

from other Kla sites regulated by SIRT1 or SIRT1/SIRT3-targeted Kac sites (Figure 3B). Additionally, only 3 substrate sites overlapped, being

both lactylated and acetylated, and regulated by both SIRT1 and SIRT3 (Figure 3B). Moreover, the negative correlation between SIRT1 and

SIRT3 target Kla or Kac proteins further confirmed their differential regulation of Kla and Kac (Figures S2A and S2B).

To further explore the different biological functions of SIRT1 and SIRT3 targeted Kla and Kac proteins, we performed KEGG pathway anal-

ysis (Figure S2C). While SIRT1-targeted Kla and Kac sites, as well as SIRT3-targetd Kla sites, were most significantly enriched in the spliceo-

some pathway (adjusted p values are 3.28 3 10�26, 3.07 3 10�23, and 1.82 3 10�27, respectively), indicating their participation in the same

biological process, they also exhibited unique biological functions. Previous studies have shown that SIRT1 functions as a negative regulator

of eukaryotic poly(A) RNA transport and plays a potentially important role in the RNA splicing pathway,25,28 whereas SIRT3 serves as a crucial

metabolic sensor regulating ATP generation, mitochondrial adaptive response to stress, and inflammation in wound macrophages post-

injury.29,30 KEGG pathway analysis showed that SIRT1-targeted Kla proteins were significantly enriched in the RNA transport pathway

(adjusted p = 6.553 10�12), suggesting a relationship between Kla proteins and RNAmetabolism, while Kla protein in SIRT3 KO cells tended

to enrich in systemic lupus erythematosus (adjusted p = 1.08 3 10�14), neutrophil extracellular trap formation (adjusted p = 1.47 3 10�13),

and alcoholism (adjusted p = 1.81 3 10�14). Interestingly, SIRT3-targeted Kac proteins were enriched in carbon metabolism (adjusted

p = 1.09 3 10�7).

Given the distinct cellular localizations of SIRT1 and SIRT3, we also analyzed the SIRT1 and SIRT3 targeted substrates to determine the

localization of modified proteins. The global lysine lactylome and acetylome (Figures S3A and S3B) demonstrated a significant nuclear prev-

alence for lactylation and acetylation sites, with 53.7% and 50.8% respectively. Furthermore, a notable proportion of thesemodifications (31%

for lactylation and 28.9% for acetylation) were detected in the cytoplasm. In contrast, only a minor proportion of lactylation (2.3%) and acet-

ylation (7.2%) sites were identifiedwithin themitochondria. As previously reported, SIRT1 is primarily localized in the nucleus,19 involved in the

regulation of gene expression, DNA repair, and cell cycle.25 It is, however, important to note that the localization of SIRT1 is not limited to the

nuclear compartment. In defined physiological or pathological circumstances, SIRT1 exhibits a cytoplasmic presence,31 actively contributing

to vital cellular functions includingmetabolism, apoptosis, and autophagy.15,32 Further analysis (Figures S3C and S3D) has revealed that 59.5%

of the lactylation sites and 60.5% of the acetylation sites targeted by SIRT1 were located within the nucleus, while 30% of lactylation and 26.5%

of acetylation sites were found in the cytoplasm. These findings indicated that proteins undergoing lactylation and acetylation regulated

by SIRT1 predominantly reside in the nucleus and cytoplasm,which alignswith existing reports. Furthermore, SIRT3 is predominantly localized

in the mitochondria.33 However, emerging evidence suggests that under certain conditions, SIRT3 can exert functions within the

nucleus, including DNA damage repair and transcriptional regulation.34,35 For example, SIRT3 promotes non-homologous end-joining
6 iScience 27, 110911, October 18, 2024
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Figure 4. Function analysis of SIRT1 and SIRT3 targeted Kla sites associated with metabolism

(A) Heatmap showing the fold change of SIRT1 and SIRT3 targeted Kla sites associated with metabolism.

(B) KEGG pathway analysis depicting pathways enriched with SIRT1 and SIRT3 targeted Kla sites associated with metabolism.
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Figure 4. Continued

(C) Interaction network of the SIRT1 and SIRT3-regulated Kla proteome based on the STRING database (v12.0). The network is visualized in Cytoscape (v3.8.2)

using the cytoHubb plugin.

(D) Full MS and MS/MS spectra of PKM2 K207la peptide for its identification.

(E) Three-dimensional structure of PKM2 (PDB entry 4fxf) highlighting the important residues in the substrate binding pocked.
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(NHEJ)-dependent DNA damage repair via the deacetylation of H3K56ac.36 In addition, SIRT3 is reported to interact with nuclear envelope

proteins and heterochromatin-associated proteins.35 A subcellular localization analysis of the lactylation and acetylation sites regulated by

SIRT3 (Figures S3E and S3F) indicated that 1.4% and 59.4% of the lactylation sites were distributed in the mitochondria and nucleus, respec-

tively. In contrast, 17.6% of the acetylation sites regulated by SIRT3 were found in the mitochondria, whereas 40.5% were localized in the nu-

cleus. The findings indicate that acetylation sites regulated by SIRT3 exhibit a greater tendency toward mitochondrial localization compared

to lactylation sites, which display a higher propensity for nuclear localization. This implies that SIRT3 plays a role in distinct subcellular func-

tions depending on the type of post-translational modification.

To enable a more precise comparison of regulatory variations between SIRT1 and SIRT3, as well as Kla and Kac, we performed Gene

Ontology (GO) enrichment analysis via heatmaps and subsequently clustered the collected data (Figure 3C). Our results revealed distinct

enrichment patterns, with SIRT1-targeted Kla sites preferentially involved in processes such as nuclear export (adjusted p = 1.84 3 10�12),

DNA replication-dependent chromatin assembly (adjusted p = 2.29 3 10�10), and cell cycle checkpoint signaling (adjusted p = 3.16 3

10�7), while SIRT3-targeted Kla sites tended to be enriched in protein localization to chromosome (adjusted p= 8.463 10�17), megakaryocyte

differentiation (adjusted p = 6.983 10�10), and DNA damage checkpoint signaling (adjusted p = 4.593 10�7). Mammalian SIRT3 is primarily

located in the mitochondria.20 However, it is also found in the nucleus where it deacetylates37 and delactylases14 histones. SIRT3 plays crucial

roles in mitochondrial homeostasis, metabolic modulation, gene transcription, stress response, and genomic stability.38 For example, SIRT3

promotes NHEJ-dependent DNA damage repair via the deacetylation of H3K56ac.36 In addition, SIRT3 has been reported to interact with

nuclear envelope proteins and heterochromatin-associated proteins.35 Based on the literature, we hypothesize that SIRT3 also plays an

important role in nuclear functions. This hypothesis is further supported by our experimental results (Figure 3C), which suggest that SIRT3

may be involved in nuclear-related activities through the regulation of substrates that undergo lactylation modification. Moreover, Kac pro-

teins regulatedby SIRT1were specifically enriched in the positive regulation of theDNAmetabolic process (adjustedp= 9.893 10�11), micro-

tubule cytoskeleton organization involved in mitosis (adjusted p = 4.533 10�6), and positive regulation of protein localization to the nucleus

(adjusted p = 7.383 10�6). In contrast, SIRT3-targeted Kac sites were observed to be involved in small molecule catabolic process (adjusted

p = 1.133 10�3), fatty acid beta-oxidation (adjusted p = 3.343 10�4), and carboxylic acid catabolic process (adjusted p = 4.893 10�4). Taken

together, these results suggested that SIRT1 and SIRT3 may modulate distinct biological processes by differentially modulating the levels of

Kla and Kac in specific protein substrates.

Our quantitative proteomics data highlighted an obvious difference between lactylome and acetylome in the absence of SIRT1 or SIRT3,

implying a sequence preference for controlling the position of the modification site. Therefore, we compared the amino acid sequences sur-

rounding Kla sites or Kac sites against the human proteome background. Flanking sequence analysis of Kla regulated by SIRT1 and SIRT3

shows similarities, as both exhibit a preference for enriching positively charged lysine at multiple positions (�1, �2, �3, �4, �5,

�6, +5, +6), but they also demonstrate differences. For instance, at the +1 position of Kla sites regulated by SIRT1, there is a preference

for threonine, while at the same position in Kla sites regulated by SIRT3, a preference for glycine and proline is observed (Figure 3D). In

contrast to the sequences at position �1 enriched with lysine and arginine in Kla, the sequences at the same position in Kac regulated by

SIRT1 or SIRT3 frequently feature neutral glycine (Figure 3D).

Function analysis of sirtuin 1-and sirtuin 3-targeted lysine lactylation sites

Our recent study has revealed the Kla pathway in lactate metabolism associated with metabolic reprogramming.5,6 Furthermore, SIRT1 and

SIRT3 have been demonstrated to play pivotal roles in metabolism regulation in response to dietary changes.39 Therefore, we focused on Kla

sites related tometabolism regulated by SIRT1 and SIRT3 (Figure 4A), which showed enrichment in pathways such as cysteine andmethionine

metabolism (adjusted p values are 9.90 3 10�9 and 8.33 3 10�4, respectively), carbon metabolism (adjusted p values are 9.74 3 10�7 and

8.33 3 10�4, respectively), glycolysis/gluconeogenesis (adjusted p values are 9.74 3 10�7 and 1.43 3 10�2, respectively), and biosynthesis

of amino acids (adjusted p values are 1.453 10�6 and 1.723 10�3, respectively) (Figure 4B). Additionally, propanoate metabolism (adjusted

p = 2.363 10�2) and alanine, aspartate and glutamate metabolism (adjusted p = 2.693 10�2) were exclusively enriched in Kla sites targeted

by SIRT1, whereas terpenoid backbone biosynthesis (adjusted p = 1.973 10�2) and steroid biosynthesis (adjusted p = 1.743 10�2) specific to

Kla sites targeted by SIRT3 (Figure 4B). Subsequently, we performed a protein-protein interaction (PPI) network analysis for metabolism-

related Kla sites to identify key proteins for further investigation (Figure 4C). Using the cytoHubb plugin and maximal clique centrality

(MCC) algorithm, we identified the top 10 hub proteins, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate

kinase 1 (PGK1), pyruvate kinase 2 (PKM2), alpha-enolase (ENO1), and so on (Figure 4C). Among these, lactylation at K207 of PKM2 (Figure 4D)

was significantly upregulated in the absence of SIRT1 and located within the ATP-binding sites (Figure 4E). Moreover, the deletion of SIRT1

and SIRT3 led to lactylation at K193 and K228 on ENO1 (Figures S4A and S4B).

Furthermore, we explored the potential impact of Kla regulated by SIRT1 or SIRT3 on protein functions (Table 1). Some Kla sites were asso-

ciated with protein binding and activity. For example, the mutation of K18A on SUMO-conjugating enzyme UBC9 (UBE2I) targeted by SIRT1,

which is essential for the SUMOylation of forkhead box protein L2 (FOXL2) and histone acetyltransferase KAT5 (KAT5), impairs its binding to
8 iScience 27, 110911, October 18, 2024



Table 1. Kla sites on key residues involving protein dysfunctions or substrates/cofactors binding

‘‘Erasers’’ Name Site Function

SIRT1 PKM2 K207 ATP-binding site

UBE2I K18 K/A mutation impairs binding to SUMO1 and catalytic activity

UPF3B K434 Missing abolishes nonsense-mediated decay (NMD)

ENO1 K228 Required for repression of c-myc promoter activity

EIF3E K409 Sufficient for interaction with MCM7

SIRT3 ENO1 K228 Required for repression of c-myc promoter activity

DDX5 K523 Involved in the transactivation domain

MAP2K4 K45 Cleavage site

NPM1 K250 Required for nucleolar localization

PES1 K564 Required for 28S ribosomal RNA processing
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SUMO1 and catalytic activity.40 In addition, K434 of regulator of nonsense transcripts 3B (UPF3B) and K409 of eukaryotic translation initiation

factor 3 subunit E (EIF3E), whose lactylation levels could be regulatedby SIRT1, are involved in regions required for nonsence-mediated decay

(NMD) and interaction with DNA replication licensing factor MCM7 (MCM7), respectively.41,42 The K564 of pescadillo homolog (PES1), tar-

geted by SIRT3, plays a crucial role in 28S ribosomal RNA processing.43 These results suggest that Kla proteins mediated by SIRT1 or

SIRT3 may impact gene transcription and expression through multiple pathways beyond epigenetics. Interestingly, several Kla sites may

be involved in the positioning and cofactor binding site of certain proteins. For instance, K207 of PKM2 regulated by SIRT1 and K45 of

dual specificity mitogen-activated protein kinase kinase 4 (MAP2K4) regulated by SIRT3 are located at the ATP-binding site and cleavage

site, respectively.44 Kla at these positions may disrupt the binding interaction. Moreover, a few Kla sites are situated within important protein

domains or affected protein localization, such as K523 of probable ATP-dependent RNA helicase (DDX5) regulated by SIRT3 which the trans-

activation activation domain,45 and K228 of ENO1 regulated by SIRT1 and SIRT3 necessary for repression of c-myc promoter activity.46 Over-

all, these Kla sites offer insights into the biological functions of the substrates regulated by SIRT1 and SIRT3.

Alpha-enolase-K228la is regulated by sirtuin 1 and sirtuin 3 in mammalian cells

Based on the proteomics data analysis above, we identified ENO1 as a lactylated protein with two confidential Kla sites (K193la and K228la)

(Figures S4A and S4B). As a glycolysis enzyme, ENO1 participates in various cellular processes such as cell signaling, transcriptional regula-

tion, and apoptosis.47 Given its diverse functions and involvement inmultiple disease pathways, we chose it for further validation. Flag-tagged

wild type (WT) ENO1 was overexpressed in HEK293T cells, with or without the treatment of sodium lactate, followed by Flag-immunoprecip-

itation. Western blot analysis confirmed that WT ENO1 was lactylated, with increased Kla levels upon sodium lactate treatment in HEK293T

cells (Figure 5A).

Next, to investigate whether the aforementioned sites are the major Kla site of ENO1, we constructed K193R mutant (MUT) and K228R

mutant (MUT) of ENO1 and compared the dynamics of Kla levels between WT and MUT ENO1. Compared with WT ENO1, the K228R mu-

tation of ENO1 in HEK293T cells led to a notable decrease in Kla levels, while the K193Rmutation did not, indicating that Kla mainly occurs at

K228 of ENO1 (Figure 5B). As the Kla levels of ENO1 improved significantly after SIRT1 KO or SIRT3 KO, to further confirm the regulation of

ENO1 lactylation by SIRT1 and SIRT3, we investigated the interaction between SIRT1 and SIRT3with ENO1. HEK293T cells were transiently co-

transfectedwith Flag-SIRT1/SIRT3 or Flag-vector andHA-ENO1, and total protein extracts were co-immunoprecipitatedwith Flag beads. The

results demonstrated interactions between ENO1 and SIRT1 as well as ENO1 and SIRT3 (Figures 5C and 5D). Moreover, overexpression of

SIRT1 or SIRT3 in HEK293T cells obviously reduced the lactylation level of ENO1 (Figures 5E and 5F).

To investigate whether SIRT1 and SIRT3 directly regulate the major lactylated lysine residue (K228) of ENO1, we carried out in vitro de-

lactylation reactions using synthetic peptides containing K228la of ENO1 (EGLELLK(la)TAIGK) as the substrate (Figures 5G and 5H).

Through LC-MS-MS analysis, corresponding unmodified counterparts were detected, and their levels increased with prolonged reaction

time. In contrast, the delactylated peptide was not detected in the absence of SIRT1 or SIRT3. Moreover, SIRT1 has a stronger delactylase

activity toward ENO1-K228la than SIRT3. Overall, these results collectively demonstrate that ENO1-K228la is a direct lactylation target of

SIRT1 and SIRT3.

ENO1 is a glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate.48 We immunopurified ENO1

WT and K228R fromHepG2 cells, and subsequently assayed their activities using an ENO1 activity assay kit. The results (Figure S5A) indicated

that the K228R mutation enhances the enzymatic activity of ENO1. We then performed the ENO1 activity assay of recombinant wildtype and

K228la of ENO1. However, the lactylation at K228 of ENO1 had a minor effect on ENO1 enzyme activity compared to the wild type (Fig-

ure S5B). Moreover, in order to demonstrate the physiological relevance of ENO1 lactylation in cells, we established stable HEK293T cell lines

with ENO1 knockdown and complementation with ENO1 WT and K228R (Figure S5C) and detected cell proliferation activity. The results

(Figures S5D and S5F) showed that the knockdown of ENO1 reduced cell proliferation activity, while complementation with ENO1 WT

and ENO1 K228R restored the inhibition of cell proliferation. However, there was no significant difference between ENO1 WT and K228R
iScience 27, 110911, October 18, 2024 9
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Figure 5. ENO1-K228la is a target of SIRT1 and SIRT3 regulation

(A) Increased Kla levels of ENO1 upon treatment with 10 mM sodium lactate for 24h. HEK293T cells ectopically expressing Flag-vector or Flag-tagged ENO1-WT

were stimulated with 10 mM sodium lactate for 24h. Cell lysates underwent immunoprecipitation (IP) with Flag-M2 beads. Inputs and eluates were analyzed by

immunoblots.

(B) Lactylation predominantly occurs at K228 of ENO1. HEK293T cells were ectopically expressed with Flag-vector, Flag-tagged ENO1-WT, Flag-tagged ENO1-

K193R, and Flag-tagged ENO1-K228R. Cell lysates were subjected to immunoprecipitation (IP) with Flag-M2 beads. Inputs and eluates were analyzed by

immunoblots.
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Figure 5. Continued

(C and D) Interaction of ENO1 with SIRT1 (C) and SIRT3 (D). HEK293T cells were transfected with indicated plasmids, and the association of SIRT1 or SIRT3 with

ENO1 was examined by Flag IP and western blot.

(E and F) Reduction of ENO1 Kla by SIRT1 (E) and SIRT3 (F). HEK293T cells were transfected with indicated plasmids, and ENO1 Kla was determined by Flag IP and

western blot.

(G and H) SIRT1 and SIRT3 can reduce ENO1 K228la. In vitro delactylation reactions were performed with SIRT1 or SIRT3 as enzymes and synthetic Kla peptides

containing K228la of ENO1 (EGLELLK(la)TAIGK) as substrates.

ll
OPEN ACCESS

iScience
Article
in terms of cell proliferation, and treatment with sodium lactate after ENO1 knockdown and complementation with ENO1 WT and ENO1

K228R did not significantly affect cell proliferation, suggesting that ENO1 K228la may not have a significant effect on cell proliferation.

Sirtuin 1 direct regulates pyruvate kinase 2-K207la in mammalian cells

In addition to ENO1, our proteomics data identified PKM2-K207la as a potential target of SIRT1 (Figure 4D). PKM2 is a well-known metabolic

enzyme that plays a crucial role in the final step of glycolysis. Apart from its involvement in glycolysis, PKM2 is associated with various cellular

processes, including cell signaling, gene expression, and cell proliferation.49 Importantly, the Kla sites targeted by SIRT1 on PKM2 were iden-

tified as K207, located within the ATP-binding site, suggesting its role in potential function regulation (Figure 4E). Therefore, we investigate

whether PKM2-K207la is directly regulated by SIRT1. Initially, we found that PKM2 has the capability to undergo lactylation, and the level of

lactylation on PKM2 increased upon exposure to sodium lactate in HepG2 cells (Figure 6A).

To confirm that the lactylation of PKM2 primarily occurs at K207, we generated a PKM2 K207Rmutant and observed a significant reduction

in the overall lactylation of PKM2 compared with the wild-type protein, while its acetylation level only showed slight changes (Figure 6B). This

indicates that K207la is the major lactylation site of PKM2, and K207 of PKM2 is primarily lactylated rather than acetylated.

Co-immunoprecipitation and western blotting in HepG2 cells revealed a direct interaction between PKM2 and SIRT1 (Figure 6C). More-

over, overexpression of SIRT1 reduced the levels of Kla and Kac of PKM2 (Figure 6D). However, the effect of SIRT1 on the lactylation level of

PKM2 K207Rwas onlymarginal (Figure 6E). These results suggest that SIRT1 directly interacts with PKM2 and delactylates it at K207. To further

confirmwhether PKM2K207 is a direct delactylation substrate of SIRT1, we specifically induced lactylation of PKM2 at K207 in HepG2 cells and

HEK293T cells using genetic code expansion technology. Immunoprecipitation and western blot analysis demonstrated that SIRT1 can

interact with PKM2 and reduce the level of K207-specific lactylation (Figures 6F and 6G). However, the impact of SIRT3 on the lactylation level

of K207 in PKM2was relatively minor (Figure 6H). Overall, these results strongly support the notion that K207 of PKM2 is a reversible lactylated

lysine and a direct SIRT1 deacetylation substrate, rather than SIRT3.

K207la of pyruvate kinase 2 restricts glycolysis and cell growth by impeding pyruvate kinase 2 function

PKM2 exists in homotetrameric and homodimeric forms.50 The PKM2 dimer form primarily exhibits low activity, while the tetramer form dis-

plays remarkably high activity in the presence of physiological concentrations of phosphoenolpyruvate (PEP). The ratio of tetramer to dimer

plays a crucial role in regulating cellular proliferation, survival, and transformation.50 ATP functions both as a substrate and an allosteric regu-

lator for PKM2, influencing its conformation and activity. The lysine 207 (K207) residue on PKM2 is crucial for ATP binding.44 Therefore, any

modifications to this site, such as lactylation, can disrupt the interaction between PKM2 and ATP, potentially leading to altered enzyme

conformation and activity. In addition, several studies have shown that the tetramer-to-dimer transition of PKM2 could be regulated by

PTMs, such as acetylation51 and succinylation.52

We further explored whether K207la regulates the conversion of PKM2 from tetramer to dimer. Immunoprecipitation of Flag-PKM2 WT,

K207R, and K207la from transfected HEK293T cells, along with disuccinimidyl suberate (DSS) crosslinking experiment, suggested that PKM2

K207la and K207R had significantly lower levels of PKM2 tetramer formation (240KDa) compared with WT (Figure 7A). Furthermore, PKM2

K207la more drastically inhibited tetramer formation than PKM2 K207R. Given that K207 of PKM2 is crucial for ATP binding and K207la of

PKM2 remarkably disrupts tetramer formation, thereby affecting pyruvate kinase activity, we performed pyruvate activity assay on immuno-

purified proteins of Flag-PKM2 WT, K207R, and K207la. Enzyme activity was measured and normalized against protein level (Figure S6A).

Obviously, both K207la and K207R mutation significantly decreased PKM2 pyruvate kinase activity compared to PKM2 WT, with PKM2

K207la exhibiting the lowest pyruvate kinase activity (Figure 7B). To further determine the impact of lactylation at PKM2-K207 on glycolysis,

endogenous PKM2 was knocked down in HEK293T cells using shPKM2 (Figure S6B), followed by transfection with Flag-tagged PKM2 WT,

K207R, and K207la to overexpress these genes, and subsequent Seahorse experiments. The results clearly showed that PKM2 K207la and

K207R exhibited decreased extracellular acidification rate (ECAR) levels and inhibition of glycolysis compared to PKM2 WT (Figures 7C

and 7D), and protein levels were confirmed by Western blotting (Figure S6C).

The tetrameric and dimeric forms of PKM2 display distinct enzymatic activities. It is reported that PKM2 can translocate into the nucleus in

response to various signals, such as EGF receptor activation, and homodimerizes, leading to its conversion into a protein threonine- and tyro-

sine-protein kinase, which catalyzes the phosphorylation of STAT3 at ‘‘Tyr-705’’.49,53 Therefore, we detected the effect of K207la of PKM2 on

the threonine- and tyrosine-protein kinase activity. The results indicated that K207la of PKM2 inhibited the phosphorylation levels of STAT3 at

’Tyr-7050 in HEK293T cells (Figure S6D). In addition, phosphorylation, acetylation, and other PTMs on PKM2 have been reported tomediate its

different intracellular localizations, ultimately resulting in specific biological functions.54 Therefore, we constructed GFP-tagged PKM2 WT,

K207R, and K207la plasmids transfected into HEK293T cells and HepG2 cells to investigate whether K207la affects the subcellular localization

of PKM2. Through fluorescence microscopy, we observed that PKM2 K207la had significantly different intracellular distributions in HEK293T
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Figure 6. PKM2-K207la is directly regulated by SIRT1

(A) Kla levels of PKM2 increase upon treatment with 10 mM sodium lactate for 24h. HepG2 cells overexpressing Flag-vector or Flag-tagged PKM2-WT were treated

with 20 mM sodium lactate for 24h. Cell lysates were subjected to immunoprecipitation (IP) with Flag-M2 beads. Inputs and eluates were analyzed by immunoblots.

(B) Lactylation, not acetylation, primarily occurs at K207 of PKM2. HepG2 cells were ectopically expressed Flag-vector, Flag-tagged PKM2-WT and Flag-tagged

PKM2-K207R. Cell lysates were subjected to immunoprecipitation (IP) with Flag-M2 beads. Inputs and eluates were analyzed by immunoblots.
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Figure 6. Continued

(C) PKM2 interacts with SIRT1. HepG2 cells were transfected with indicated plasmids, and the association between SIRT1 and PKM2 was examined by Flag IP and

Western blot.

(D and E) SIRT1 reduces the levels of Kla and Kac of PKM2-WT (D), while SIRT1 has minimal effect on the Kla of PKM2 K207R (E). HepG2 cells were transfected with

indicated plasmids, and PKM2 lactylation was determined by Flag IP and Western blot.

(F andG) SIRT1 reduces the PKM2 lactylation at K207. HepG2 cells (F) andHEK293T cells (G) were transfected with K207-specifically lactylated PKM2 using genetic

code expansion technology, along with SIRT1. PKM2 lactylation was determined by Flag IP and Western blot.

(H) SIRT3 does not reduce the lactylation of PKM2 at K207. HEK293T cells were transfected with K207-specifically lactylated PKM2 using genetic code expansion

technology, along with SIRT3, followed by Flag IP and Western blot analysis.
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and HepG2 cells compared to PKM2WT, while PKM2 K207R had a similar distribution to PKM2WT (Figures 7E and 7F). This indicates that the

lactylation of PKM2-K207 plays a crucial role in modulating PKM2 interactions, leading to distinct intracellular localization patterns.

Considering the significant effects of K207la on PKM2 enzyme activity and subcellular localization, and the reported important roles of

PKM2 in cell proliferation,51,54 we further explored whether lactylation at PKM2-K207 affects the biological behavior of cells. Consistent to

previous studies,55 we observed a decrease in cell proliferation when PKM2 was knocked down (Figure S6E). Furthermore, overexpression

of PKM2 K207la in HEK293T cells with endogenous PKM2 knockdown exhibited the lowest proliferation rate, followed by PKM2 K207R

and PKM2 WT (Figures 7G and S6F), suggesting a proliferation-inhibiting function of K207 lactylation.

Collectively, these findings illustrate that the lactylation of PKM2 at K207, targeted by SIRT1, determines enzymatic activity by impeding

tetramer formation and alters intracellular localization, subsequently inhibiting glycolysis and cell growth.

DISCUSSION

Metabolites not only serve as substrates in metabolic reactions but also function as signaling molecules controlling various cellular pro-

cesses.56,57 Lactate, the product of glycolysis in normal physiology and extensively generated during the Warburg effect, is acknowledged

as both an energy source and a metabolic byproduct.58 Its metabolic significance in cancer biology has been appreciated for many decades.

Notably, beyond its conventional role as a metabolite, our recent studies have revealed lactate’s additional function as a signaling molecule

through Kla,5,6 thus establishing a direct connection between cellular metabolism and the modulation of cell signaling, transcription, and cell

growth. Therefore, deciphering the ‘‘actylation code’’ is imperative for understanding its implications on health and diseases.

Exploring the Kla pathway necessitates understanding its regulatory elements, including regulatory enzymes and key substrates. In this

study, we performed delactylase activity screening of recombinant sirtuins (SIRT1-7) enzymes using core histones as substrates. Among

the seven mammalian sirtuins, SIRT1, SIRT2, and SIRT3 exhibited the most effective delactylase activity in vitro. Further overexpression

and knockout experiments revealed that SIRT1 and SIRT3, rather than SIRT2, act as robust ‘‘erasers’’ of Kla in mammalian cells, affecting

the global substrates including both histones and non-histones.

Moreover, the global proteomic analysis of Kla and Kac in mammalian cells lacking SIRT1 or SIRT3 revealed unique regulatory patterns of

SIRT1 and SIRT3 toward these two acylations. Specifically, 1348 unique Kla sites on 724 proteins and 705 unique Kac sites on 477 proteins were

upregulated in SIRT1 KO cells compared to WT cells, while 1143 unique Kla sites on 680 proteins and 177 unique Kac sites on 153 proteins

showed increased abundance in SIRT3-deficient cells. Notably, the Kla substrates regulated by SIRT1 and SIRT3 were most significantly en-

riched in the spliceosomepathway, a key component in the processing of pre-mRNAduring gene expression. Specifically, SIRT1-targeted Kla

proteins were associated with RNAmetabolism, suggesting a role for SIRT1 in the control of alternative splicing and the stability of RNAmol-

ecules. In contrast, SIRT3 may play a protective role against inflammatory responses and the deleterious effects of alcohol by modulating the

lactylation status of certain proteins. Furthermore, SIRT3-target Kac proteins preferred to be enriched in carbon metabolism. These findings

underscore the multifaceted roles of SIRT1 and SIRT3 in the regulation of post-translational modifications and their impact on diverse cellular

functions. Understanding these regulatory networks can provide valuable insights into themolecularmechanisms underlying various diseases

and may open avenues for therapeutic interventions.

Remarkably, we have identified several Kla sites associated with protein dysfunctions or substrates/cofactors binding. Our study revealed

that the lactylation level of ENO1K228, a critical residue involved in repressing c-myc promoter activity, is regulated by SIRT1 and SIRT3. Addi-

tionally, the lactylation level at K207 within the ATP-binding site of PKM2 is specifically regulated by SIRT1, affecting PKM2 activity by prevent-

ing tetramer formation, thereby impairing glycolysis and inhibiting cell growth.

Collectively, our study identifies SIRT1 and SIRT3 as robust ‘‘erasers’’ of the Kla pathway in mammalian cells and characterizes their specific

substrates. Investigating these key regulatory elements of the Kla pathway not only reveals the site-specific functions of substrate lactylation

but also expands our understanding of the noncanonical functions of sirtuins. Further functional studies targeting specific Kla sites elucidate

the regulatory mechanisms of Kla beyond epigenetics, such as discovering the regulation mechanism of PKM2 K207la, a non-histone Kla site

specifically regulated by SIRT1, in cellular glycolysis. These findings provide a perspective on the regulatory mechanisms of Kla and offer in-

sights into lactate metabolism, potentially laying the groundwork for the discovery of strategies for disease treatment.

Limitations of the study

This study confirms that SIRT1 regulates PKM2-K207la.We emphasize the critical role of Kla at PKM2-K207 in influencing protein assembly and

enzymatic activity, affecting glycolysis and cell proliferation. However, the biological function studies, performed primarily in HEK293T and

HepG2 cell lines, provide valuable insights but are limited in scope. Future research should extend to relevant diseasemodels to fully explore
iScience 27, 110911, October 18, 2024 13
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Figure 7. Lactylation status of K207 dictates PKM2 activity, inhibits glycolysis, and affects cell growth

(A) Immunopurified PKM2 WT, K207R, and K207la from HEK293T cells were crosslinked with 0.5mM DSS, and the tetrameric (240 KDa) and monomeric (60 KDa)

forms of PKM2 were analyzed by Western blot.

(B) Pyruvate kinase activity assay of immunopurified PKM2 WT, K207R, and K207la from HEK293T cells. Data are represented as mean G SEM.

(C and D) HEK293T cells with endogenous PKM2 knocked down were transfected with PKM2-WT, K207R, and K207la, and the glycolysis activity was analyzed by

the Seahorse analyzer (n = 5 technical repeats, values are expressed as mean G SEM). p values are calculated by a two-tailed Student’s t test. *: p < 0.05,

**: p < 0.01, ***: p < 0.001.

(E and F) Representative confocal projections of GFP-tagged PKM2WT, K207R, and K207la in HEK293T cells (E) and HepG2 cells (F), scale bar = 20 mm or 10 mm.

(G) Cell proliferation analysis of PKM2 knockdown HEK293T cells expressing PKM2-WT, K207R, and K207la by Cell Counting Kit-8 (CCK-8) assay (n = 10 technical

repeats, values are expressed as mean G SEM). p values are calculated by a two-tailed Student’s t test. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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Kla’s biological significance. Such studies will offer a comprehensive understanding of Kla’s role in disease pathogenesis and could lead to

therapeutic strategies targeting metabolic dysregulation and epigenetic alterations.
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Antibodies

anti-H3K14la PTM Biolabs PTM-1414RM; RRID:AB_3076697

anti-H3K18la PTM Biolabs PTM-1406RM; RRID:AB_2909438

anti-H4K5la PTM Biolabs PTM-1407

anti-H4K8la PTM Biolabs PTM-1415

anti-H4K12la PTM Biolabs PTM-1411RM; RRID:AB_2941896

anti-H3K14ac PTM Biolabs PTM-113; RRID:AB_2722570

anti-H3K18ac PTM Biolabs PTM-158

anti-H4K5ac PTM Biolabs PTM-119

anti-H4K8ac PTM Biolabs PTM-164

anti-H4K12ac PTM Biolabs PTM-165
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anti-Histone H3 Huabio M1306-4; RRID:AB_3073062

anti-Flag Sigma-Aldrich F3165; RRID:AB_259529

anti-b-actin Proteintech 66009-1-Ig; RRID:AB_2687938

anti-SIRT1 PTM Biolabs PTM-5021

anti-SIRT3 Proteintech 10099-1-AP; RRID:AB_2239240

anti-GST Proteintech 10000-0-AP; RRID:AB_11042316

anti-His Proteintech 66005-1-Ig; RRID:AB_11232599

anti-STAT3 abcam ab119352; RRID:AB_10901752

anti-p-STAT3-Y705 abcam ab76315; RRID:AB_1658549

anti-ENO1 PTM Biolabs PTM-7348

anti-PKM2 PTM Biolabs PTM-5087

HRP-labeled goat anti-rabbit IgG Beyotime A0208

HRP-labeled goat anti-mouse IgG Beyotime A0216

Bacterial and virus strains

Trans1-T1 Phage Resistant Chemically Competent Cell TransGen Biotech CD501-02

BL21(DE3) pLysS Chemically Competent Cell TransGen Biotech CD701-02

Chemicals, peptides, and recombinant proteins

DSS Sangon Biotech C100015-0100

Sodium lactate Sigma 71718

Hieff TransTM Liposomal Transfection Reagent YEASEN Y40802ES03

ANTI-FLAG � M2 Affinity Gel Sigma A2220

DAPI Beyotime C1002

Precision Plus Protein Dual Color Standards BIO-RAD 1610374

ColorMixed Protein Marker ABclonal RM02949

Recombinant human GST-Sirtuin 1 (193-741) This paper N/A

Recombinant human His-Sirtuin 2 (50-356) This paper N/A

Recombinant human GST-Sirtuin 3 (102-399) This paper N/A

Recombinant human GST-Sirtuin 4 (25-314) This paper N/A
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Recombinant human His-Sirtuin 5 This paper N/A

Recombinant human His-Sirtuin 6 This paper N/A

Recombinant human His-Sirtuin 7 This paper N/A

Lactyllysine This paper N/A

EGLELLK(la)TAIGK This paper N/A

Deposited data

Identified Kla peptides (see also Table S1) ProteomeXchange PXD050147

Identified Kac peptides (see also Table S2) ProteomeXchange PXD050147

Critical commercial assays

ADP-Glo� kinase assay kit Promega Corporation V6930

ENO1 assay kit Abcam ab117994

Cell Counting Kit-8 Beyotime C0040

Experimental models: cell lines

HEK293T ATCC CRL-3216

HepG2 ATCC HB-8065

Oligonucleotides

sgRNA for hSIRT1

50 GTTGACTGTGAAGCTGTACG 30
This paper N/A

sgRNA for hSIRT3

50 GTACGATCTCCCGTACCCCG 30
This paper N/A

siRNA for hPKM2

acatcaagattatcagcaa

This paper N/A

siRNA for hENO1

agtccttgatgaaggactt

This paper N/A

Recombinant DNA

pFLAG-CMV-SIRT1 This paper N/A

pFLAG-CMV-SIRT2 This paper N/A

pFLAG-CMV-SIRT3 This paper N/A

pGEX-4T-1-Sirtuin 1 (193-741) This paper N/A

pET-28a (+)-Sirtuin 2 (50-356) This paper N/A

pGEX-4T-1-Sirtuin 3 (102-399) This paper N/A

pGEX-4T-1-Sirtuin 4 (25-314) This paper N/A

pET-28a (+)-His-Sirtuin 5 This paper N/A

pET-28a (+)-His-Sirtuin 6 This paper N/A

pET-28a (+)-His-Sirtuin 7 This paper N/A

pFLAG-CMV-ENO1-WT This paper N/A

pFLAG-CMV-PKM2-WT This paper N/A

pFLAG-CMV-ENO1-K193R This paper N/A

pFLAG-CMV-ENO1-K228R This paper N/A

pFLAG-CMV-PKM2-K207R This paper N/A

pFLAG-CMV-PKM2-K207* This paper N/A

pBAD-ENO1-WT This paper N/A

pBAD-ENO1-K228* This paper N/A
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Software and algorithms

GraphPad Prism (v 9.3.1) GraphPad Software https://www.graphpad.com/

scientific-software/prism/

ImageJ ImageJ software https://imagej.nih.gov/ij/index.html

R (v4.2.3) R software https://www.r-project.org/

MaxQuant (version 1.6.15.0) MaxQuant software https://www.maxquant.org/

Cytoscape (v3.3.0) Cytoscape software https://cytoscape.org/

ZEN 3.0 (blue edition) ZEN Microscopy Software https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

PyMOL (v3.0) PyMOL software https://pymol.org/

iceLogo (v1.3.8) iceLogo software https://compomics.github.io/projects/iceLogo
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Human embryonic kidney (HEK) 293T and human hepatocellular carcinomas (HepG2) cells were cultured in DMEM medium supplemented

with 10% FBS, 1% P/S (penicillin and streptomycin), and 5% CO2. Transient overexpression was achieved through transfection using Hieff

TransTM Liposomal Transfection Reagent, following the manufacturer’s instructions.

HepG2 cells were transfectedwith either an empty vector lentiCRISPRv2 or a SIRT1 knockout vector lentiCRISPRv2-sgRNA (SIRT1) to estab-

lish two stable cell lines. Similarly, depletion of SIRT3 was accomplished using analogous methods. The knockout efficiency, as well as the

levels of Kla and Kac, were evaluated by western blot analysis using whole-cell lysate extractions.

HEK293T cells were seeded in a six-well plate at 50%density one day before transfection. Three plasmids, including the backbone plasmid

shRNA vector GIPZ targeting PKM2, packaging plasmid psPAX2, and envelope plasmid pMD2.G (mass ratio = 4:3:3), were co-transfected into

HEK293T cells with 80–90% density. The medium was changed at 12 h, replenished at 36 h, and harvested at 48 and 72 h after transfection.

Puromycin was used to eliminate non-infected cells, and only resistant clones were selected and cultured. When almost all cells in the control

group died, the screening process was completed, indicating that effective KD clones were obtained.

METHOD DETAILS

Enzymes and histone preparation

SIRT1-7 enzymes were individually purified according to a previously reported method.59 Firstly, the targeted genes (SIRT1-7) were cloned

into the desired vector (pGEX-4T-1 or pET-28a (+)). Secondly, each clone was transformed into BL21 (DE3) for screening of a suitable expres-

sion clone induced by IPTG. Finally, appropriate expression clones were used for large-scale expression. Briefly, a starter culture was initiated

by inoculating glycerol stock into 200 mL of LB supplemented with appropriate antibiotics (depending on the plasmids present) and incu-

bated at 37�C until OD600 reached 0.6–1. Subsequently, 200 mL of 0.5 M IPTG (final concentration ranged from 0.1 to 1 mM) was added,

and the culture was incubated for 2 h. The resulting pellets were harvested by centrifugation at 50003g for 15 min and lysed by sonication

until the cloudy suspension became translucent. After centrifuging at 160003g for 30 min, the soluble target proteins were purified by affinity

chromatography based on the tags present.

Histone proteins were extracted using the previously publishedmethod.60 Briefly, HEK293T cells were suspended in cold extraction buffer

(10 mM HEPES pH 7.0, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 0.5% NP-40) at 4�C for 30 min. After centrifugation, the pellets were re-

suspended in cold washing buffer (10 mMHEPES pH 7.0, 10 mM KCl, 1.5 mMMgCl2, 0.34 M sucrose) and centrifuged. Then, the pellets were

extracted with 0.2 M H2SO4 at 4
�C overnight. After centrifugation at 160003g for 10 min at 4�C, the histone proteins were precipitated by

slowly adding 20% (v/v) TCA to the supernatants. The resulting histone pellets were washed twice with cold, dried at 4�C, dissolved in double

distilled water, and subjected to protein concentration determination with Bradford assay.

In vitro Kac and Kla assay

For each in vitro reaction, 1 mg of Sirtuin (SIRT1-7) and 4 mg of histone proteins were added to the reaction buffer (20mM Tris-CI, pH 8.0, 1 mM

DTT, and 1 mM NAD+). The mixtures were incubated at 37�C for 0.5 h, and the levels of Kac and Kla were detected by western blot.

Western blot

Proteins (2–4 mg of histone or 20 mg of whole cell lysate) were separated in SDS-PAGE and then transferred to a polyvinylidene difluoridemem-

brane. The membrane was blocked with 3% BSA in TBST (20 mM Tris, pH 7.6; 150 mMNaCl, 0.1% Tween 20) for 1 h at room temperature and

then incubated overnight at 4�C with a primary antibody. Following incubation, the membrane was washed 3 times with TBST and incubated
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with horseradish peroxidase-conjugated secondary antibody solutions for 1 h at room temperature. Subsequently, the membrane was

washed again in TBST before detecting the signal using an enhanced chemiluminescence system.
Preparation of cell lysate

The harvested cells were rinsed twice with cold PBS and subsequently sonicated for 2 min on ice using ultrasonication in lysis buffer (8 M urea,

2 mMEDTA, 3 mMTSA, 50mMNAM, 5mMDTT, and 1% Protease Inhibitor Cocktail III). After centrifugation at 16 0003g at 4�C for 10min, the

concentration of the supernatant was determined using the Bradford assay.
Trypsin digestion of cell lysate

Proteins extracted from WT, SIRT1KO, and SIRT3KO HepG2 cells were subjected to in-solution tryptic digestion. Briefly, the proteins were

reduced by 10 mM DTT for 1.5 h at 37�C, followed by alkylation with 20 mM iodoacetamide (IAA) at room temperature in the dark for

30 min. Excess IAA was then blocked by 20 mM cysteine. After that, the protein sample was diluted by adding 100 mM NH4HCO3 to reduce

the urea concentration to 2 M. Then trypsin was added into the solution for the first digestion (trypsin: protein = 1:50, m/m; pH 8.0, overnight)

and second digestion (trypsin: protein = 1:100, m/m; pH 8.0, 4 h).
Immunoaffinity enrichment

Kla and Kac peptides were enriched using the pan anti-Kla antibody and pan anti-Kac antibody, respectively, as previous described.61 Briefly,

the peptides were dissolved in NETNbuffer (100mMNaCl, 50mMTris-HCl, 1mMEDTA, 0.5%NP-40, pH 8.0) and incubatedwith pan anti-Kla

beads or pan anti-Kac beads at 4�C overnight. Then, the beads were washed three times with NETN buffer and twice with ddH2O. The en-

riched peptides were eluted with 0.1% (v/v) TFA and dried in SpeedVac.
HPLC-MS/MS analysis and database search

An EASY-nLC 1200 UHPLC system (ThermoFisher Scientific) coupled with a Q Exactive HF-Xmass spectrometer (ThermoFisher Scientific) was

employed for peptide analysis. The peptide samples were dissolved in 2.5 mL of buffer A (0.1% formic acid in water, v/v) and trapped on a

homemade capillary C18 column (25 cm length375 mm inner diameter) packed with 1.9 mm ReproSil-Pur C18-AQ particles (Dr. Maisch, Ger-

many). Peptides were separated using a gradient of 6%–90% buffer B (0.1% formic acid in 80% ACN) over 180- and 120-min gradient,

respectively.

Data acquisition was carried out in positive ion data-dependent mode, with anMS scan range of 350–1200m/z acquired in the Orbitrap at

a resolution of 60,000. The 20 most intense ions were subjected to collision-induced dissociation fragmentation with a normalized collision

energy at 28%.MS/MS scans were acquired at a resolution of 15,000. The unassigned ions or thosewith a charge of +1 and>+5were rejected.

The time for dynamic exclusion was set to 30.0 s.

For the label-free quantification method, raw data were uploaded into MaxQuant (version 1.6.15.0) and searched against the UniProt re-

viewed human proteome sequence database (20,368 entries). The parameters to analyze raw data were that maximummissed cleavages di-

gested by trypsin/P were 2, and maximum FDR for peptides and proteins of 1%. Cysteine carbamidomethylation (+57.0215 Da) was estab-

lished as a fixedmodification, and methionine oxidation (+15.9949 Da) and N-terminal acetylation (+42.0106 Da) were designated as variable

modifications. Parameter setting of Kla and Kac samples included lysine lactyl (+72.0211 Da) and lysine acetyl (+42.0106 Da), respectively, as

variable modifications. The remaining of the parameters were in accordance with the proteome search. FDR thresholds for modification site

sites were specified at 1%, and the LFQ algorithm were performed. The quantified protein expression levels were used to normalize all of the

Kla and Kac site ratios.
Bioinformatics analyses

Sequencemotif preferencewas generated using iceLogo (v1.3.8) with the human proteome as the background.62 Gene ontology analysis was

performed using Bonferroni correction for multiple testing in PANTHER (v12.0).63 Identified Kla and Kac sites were mapped with reported

binding and mutation sites extracted from the UniProt database (http://www.uniprot.org). KEGG pathway enrichment analysis was carried

out using the GOstats package along with a hypergeometric test in R.64 Protein complexes were enriched based on CORUM mammalian

protein complex database65 using the hypergeometric test. The protein complexes of interest were further described using BioPlex

2.066,67 based on the known PPI network and finally visualized in Cytoscape (v3.3.0).
Immunoprecipitation

For immunoprecipitation experiments, relevant plasmids were transfected into either HEK293T or HepG2 cells using Hieff TransTM Lipo-

somal Transfection Reagent for 48 h, with 10 mMor 20mM sodium lactate treatment for the last 24 h. Cells were then harvested and lysed in

cell lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM sodium chloride and 1% Triton X-100) containing a protease inhibitor cocktail for 40 min at

4�C. Soluble supernatant fractions were obtained by centrifugation at 16,000 g for 10 min and used for immunoprecipitation with Flag

beads. After binding, the beads were washed three times with immunoprecipitation lysis buffer to remove the non-specifically bound

proteins.
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SIRT1 and SIRT3 delactylase activity assay

For each in vitro reaction, 1 mg of Sirtuin (SIRT1 or SIRT3) and 0.5 mM Kla peptide (EGLELLK(la)TAIGK) were added to the reaction buffer

(20mMTris-CI, pH 8.0, 1mMDTT, and 1mMNAD+). Themixtures were incubated at 37�C for 0.5 h, 1h and 2h, respectively. Then, the reaction

was stopped by adding 50 mL of 200 mM HCl and 320 mM acetic acid in methanol. The samples were dried and analyzed by HPLC-MS/MS.

Product quantification was based on their peak areas.

Site-specific incorporation of Kla into proteins in mammalian cells and E.Coli

A pCMV-30 Flag vector with a human PKM2 gene incorporating an amber stop codon at a specific lysine coding position (K207) and

pNEU_hMb_KlaRS were co-transfected into HEK293T cells or HepG2 cells using Hieff TransTM Liposomal Transfection Reagent, following

the manufacturer’s instructions. The cells were cultured in the presence of 2 mM lactyllysine for 48 h. A pBAD vector with a human ENO1

gene incorporating an amber stop codon at a specific lysine coding position (K228) and pEVOL-Mm_KlaRS-137976 were co-transformed

into DH10B for screening of a suitable expression clone induced by L-Arabinose. Finally, appropriate expression clones were used for

large-scale expression.

The expression and purification of PKM2

The relevant plasmids were transfected into HEK293T cells using Hieff TransTM Liposomal Transfection Reagent, following the manufac-

turer’s instructions. Proteins were immunoprecipitated with Flag beads and washed two times with immunoprecipitation lysis buffer and

PBS, respectively, to remove non-specifically bound proteins. Competitively elution of proteins from Flag beads was achieved with peptides

containing 10 ng/mL 13 Flag peptide (dissolved in PBS) for 4 h. Finally, purified proteins were mixed with 50% glycerol in equal volumes and

stored in portions frozen at �80�C.

PKM2 crosslinking

The equal amount of PKM2 WT, K207R, and K207la proteins purified from cells were crosslinked with 0.5 mM DSS at room temperature for

30 min. The reaction was halted with 25 mM Tris pH 7.5 at room temperature for 15 min. Samples were then separated followed by western

blotting with anti-Flag antibody.

Fluorescence

Plasmids encoding WT, K207R, and K207la PKM2 genes tagged with GFP were transfected into HEK293T or HepG2 cells cultured on slides.

The cells were fixedwith paraformaldehyde, permeabilizedwith 0.5%Triton X-100 at room temperature. After incubationwith DAPI, the slides

were imaged using a Zeiss confocal microscope, and images were analyzed with Zeiss LSM software.

Pyruvate kinase assay

The equal amount of WT, K207R, and K207la PKM2 purified fromHEK293T cells were added into the reaction buffer (500 mMADP, 40 mMTris

pH 8.0, 20 mM MgCl2, 100 mM KCl and 0.1 g/mL BSA) with different concentration of PEP ranging from 0 to 4 mM, respectively, at 32�C for

5 min. Pyruvate kinase activity was determined using the ADP-Glo kinase assay kit according to the manufacturer’s instructions.

Seahorse analysis

Assays were performed using the Seahorse XFp analyzer (Seahorse Bioscience, Agilent) following the manufacturer’s instructions. Briefly,

23104 HEK293T cells were seeded into each well of Seahorse XF96 Cell Culture Microplates in growth medium 24 h prior to the assay.

The extracellular acidification rate (ECAR) was measured using an XFp analyzer in XF base medium (pH 7.4) containing 1 mM glutamine

following sequential additions of glucose (10 mM), oligomycin (1 mM), and 2-DG (100 mM). Data were analyzed using the Seahorse XF Glycol-

ysis Stress Test Report Generator package.

Cell proliferation assay

Cell proliferation ability was assessed using the Cell Counting Kit-8. 23103 cells transfected with Flag-tagged PKM2 WT/K207R/K207la plas-

mids for 18 h or PKM2WT/PKM2 knockdown stable cell lines were seeded into a 96-well plate per well with ten or five duplications, followed

by incubation for 1 h at 37�C. Absorbance was detected at 450 nm daily for 5 consecutive days.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were processed and analyzed by the unpaired two-tailed Student’s t test or the hypergeometric test in R. Statistical significance is

indicated with asterisks as follows: ns, no significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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