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Abstract

One-carbon metabolism is an essential branch of cellular metabolism that intersects with 

epigenetic regulation. Here, we show formaldehyde, a one-carbon unit derived from both 

endogenous sources and environmental exposure, regulates one-carbon metabolism by inhibiting 

the biosynthesis of S-adenosylmethionine (SAM), the major methyl donor in cells. Formaldehyde 

reacts with privileged, hyperreactive cysteine sites in the proteome, including Cys120 in 

S-adenosylmethionine synthase isoform type-1 (MAT1A). Formaldehyde exposure inhibited 

MAT1A activity and decreased SAM production with MAT-isoform specificity. A genetic mouse 

model of chronic formaldehyde overload showed a decrease in SAM and in methylation on 

selected histones and genes. Epigenetic and transcriptional regulation of Mat1a and related genes 

function as compensatory mechanisms for formaldehyde-dependent SAM depletion, revealing a 

biochemical feedback cycle between formaldehyde and SAM one-carbon units.

One Sentence Summary:

Formaldehyde influences S-adenosylmethionine biosynthesis in a one-carbon metabolism 

feedback cycle through epigenetic regulation.

Graphical Abstract

Introduction

The one-carbon cycle is central to cell function, where activation of one-carbon units is 

employed for nucleotide and amino acid biosynthesis and epigenetic regulation (1, 2). The 

one-carbon unit S-adenosylmethionine (SAM) is a ubiquitous co-substrate and key methyl 

donor for transmethylation reactions that underlie one-carbon metabolic (3) and epigenetic 

processes (4), including modulating mTORC1 signaling for methionine sensing and cellular 

growth (5). Misregulation of SAM biosynthesis and metabolism is observed in diseases such 

as nonalcoholic fatty liver disease (6) and cancers (1, 3, 7).
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Another one-carbon unit of emerging importance is formaldehyde (8, 9). In addition to 

the role of formaldehyde as an environmental carcinogen, formaldehyde is endogenously 

produced through biological pathways, including enzymatic serine cleavage (3), oxidative 

folate degradation (10), and oxidative demethylation (11, 12). Previously, activity-based 

sensing probes have shown the substantial generation of endogenous formaldehyde (13–

17) with high relative abundance compared to other reactive carbon species such as 

aldehydes (18), where the formaldehyde basal levels in blood is 50 μM and can exceed 

500 μM in disease states (19, 20). Formaldehyde is detoxified by a two-tier mechanism 

involving the enzyme alcohol dehydrogenase 5 (ADH5) for formaldehyde removal and the 

Fanconi anemia pathway for formaldehyde-induced DNA crosslinking repair, where loss of 

formaldehyde scavenging promotes carcinogenesis (21, 22). Here, we report the discovery 

of a biochemical feedback cycle between formaldehyde and SAM one-carbon units. 

Specifically, we identified formaldehyde dose-dependent inhibition of SAM production 

through targeting S-adenosylmethionine synthase isoform type-1 (MAT1A), the terminal 

enzyme in SAM biosynthesis, at a privileged, isoform-specific Cys120, to decrease the 

overall methylation potential of the cell. Contrary to the conventional view of formaldehyde 

as a promiscuous electrophile, this work reveals that this one-carbon signal can participate 

in site-specific post-translational modifications to enable broader biochemical regulation of 

central metabolic functions in the cell.

Results

Activity-based protein profiling chemoproteomics reveals privileged, formaldehyde-
sensitive cysteine targets in one-carbon metabolism.

Motivated by in vitro observations that formaldehyde reacts with cysteine residues on 

peptides to form hemithioacetal and thiazolidine adducts (23, 24), and related reactive 

electrophilic species emerging as key players in redox signaling and stress pathways (18), 

we sought to identify formaldehyde-sensitive targets across the proteome in an unbiased, 

high-throughput manner. We applied the isotopic tandem orthogonal proteolysis–activity-

based protein profiling (isoTOP-ABPP) platform (25) to mouse liver lysates exposed to 

500 μM formaldehyde (FA)—close to disease-level concentrations (20)—or vehicle control. 

Using the cysteine-reactive iodoacetamide (IA)-alkyne probe followed by copper-catalyzed 

azide-alkyne cycloaddition (CuAAC) to enable attachment of either light (vehicle-treated) or 

heavy (formaldehyde-treated) isotopically labeled TEV protease-cleavable biotin enrichment 

tags (fig. S1) (26), liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis 

afforded quantified ratios of light- versus heavy-modified peptides. Sites with higher 

incorporation of IA-alkyne on vehicle light versus formaldehyde-treated heavy labels 

indicated higher formaldehyde reactivity at specific cysteine residues of identified protein 

targets (Fig. 1A).

Proteomic ratio analyses produced a list of 576 probe-modified peptides with an isotopic 

ratio greater than 3, equivalent to a log2 ratio greater than 1.58 (Fig. 1B and table S1). 

In contrast to the conventional view of formaldehyde as an indiscriminate electrophile, 

the data revealed privileged formaldehyde-sensitive cysteine sites, similar to other reactive 

species such as hydrogen peroxide, nitric oxide, and methylglyoxal (27, 28), and provides 
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foundational information on formaldehyde-cysteine reactivity across the proteome in a 

systematic manner. Importantly, modified cysteines were found enriched in protein families 

spanning formaldehyde-dependent pathways (e.g., carbon metabolism, glutathione) and 

one-carbon metabolism (e.g., one-carbon amino acids, folate) rather than demonstrating 

proteome-wide, indiscriminate reactivity (Fig. 1C). Included are targets such as a key 

enzyme in formaldehyde detoxification alcohol dehydrogenase 5 (class III) (ADH5) (21), 

a known regulator of methyl unit balance through the biosynthesis of sarcosine from glycine, 

glycine-N-methyltransferase (GNMT) (29), and serine hydroxymethyltransferase 1 and 2 

(SHMT1 and 2) that regulate serine/glycine pools in the folate cycle. Additional targets 

identified in amino acid metabolism, methyl transfer and transsulfuration chemistry, and 

carbohydrate metabolism point to the specificity with which formaldehyde engages enzymes 

known to regulate methyl units and the one-carbon cycle in a variety of cellular contexts. 

Of particular interest is S-adenosylmethionine synthase isoform type-1 (MAT1A), a key 

enzyme in SAM biosynthesis that regulates the flux of transmethylation reactions. isoTOP-

ABPP analysis identified three specific cysteine residues, out of the ten total in MAT1A, that 

were hyperreactive towards formaldehyde: murine MAT1A Cys105, Cys121, and Cys150 

with ratios of 3.45, 3.40, and 4.54, respectively.

Formaldehyde makes covalent adducts with MAT1A.

We next sought to directly identify sites of formaldehyde modification on human MAT1A 

through mass spectrometry. We treated purified MAT1A protein with excess formaldehyde 

(5 mM) for 4 hours at 37 °C and then digested overnight into peptides. When added in 

large excess, formaldehyde forms modifications on arginine, lysine, tryptophan, histidine, 

and cysteine in simple in vitro contexts of model peptides and free amino acids (23, 

24). However, LC-MS/MS quantification of MAT1A modified peptides and an unbiased 

mass search revealed limited formaldehyde reactivity with nucleophilic amino acid residues 

beyond cysteine (Fig. 2A). Only the three hyperreactive cysteine residues identified by 

isoTOP-ABPP (human Cys104, Cys120, Cys149, analogous to murine Cys105, Cys121, 

Cys150) were modified by excess formaldehyde in vitro, along with a fourth solvent-

accessible cysteine residue (human Cys376), indicating high selectivity of formaldehyde 

towards these privileged cysteine sites compared to other nucleophilic amino acids (Fig. 

2, B to E). Modification of Cys104 indicated a mass-to-charge ratio (m/z) change of +12 

Da, corresponding to nucleophilic addition to formaldehyde by the cysteine thiol to form a 

hemithioacetal and cyclization to form a thiazolidine (fig. S2) (24). In contrast, Cys120 (fig. 

S3), Cys149 (fig. S4), and Cys376 (fig. S5) showed a m/z change of +30 Da, corresponding 

to a hemithioacetal modification (24). The labeling pattern observed in vitro with purified 

protein further establishes that formaldehyde is not a global, indiscriminate electrophile 

and validates the isoTOP-ABPP chemoproteomics method in identifying privileged cysteine 

sites that are selective to formaldehyde.

To determine if modification was selective for formaldehyde over other aldehydes, we 

performed the modification identification on purified MAT1A with excess acetaldehyde 

(5 mM) (30). Quantification of the same peptide coverage as with formaldehyde revealed 

no discernable modifications of any amino acid residue with acetaldehyde. The lack of 

acetaldehyde modification is supported by data showing that formaldehyde reacts the fastest 
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and forms the most stable product with cysteine compared to other carbonyl compounds 

(24), which supports the specificity of formaldehyde as a privileged electrophile for protein 

post-translational modifications.

Attempts to characterize covalent formaldehyde-MAT1A modifications by protein 

crystallography have not yet been successful, in part due to the susceptibility of 

formaldehyde adducts to long-term hydrolysis (24). We were able to obtain a crystal 

structure of MAT1A at 2.00-Å resolution, which reveals SAM bound in the active 

site along with additional cofactors not mapped in previous structures (31), including 

imidotriphosphate (PPNP), Mg2+ ions, and K+ ions. Cys120 lies closest in proximity to the 

MAT1A active site, presaging this residue as the functional site of formaldehyde reactivity 

(Fig. 2F, fig. S6, and table S2). Additionally, previous studies have reported Cys120 as a 

target of hydrogen peroxide and nitric oxide inhibition of rat MAT1A (32–34).

Formaldehyde inhibits MAT1A but not MAT2A activity in vitro at Cys120.

To characterize the biochemical effects of formaldehyde-modified cysteine sites on MAT1A 

and to establish the role of formaldehyde in SAM biosynthesis, we investigated the effects 

of formaldehyde on the activity of both MAT1A and MAT2A isoforms. Notably, an isoform 

switch from MAT1A to MAT2A occurs during hepatocellular carcinogenesis, resulting in 

intracellular SAM depletion in tumor environments (35, 36). The cancer-dependent isoform 

switch, coupled with the high binding affinity of SAM to MAT2A compared to MAT1A, 

makes MAT2A a promising therapeutic target for blocking tumor growth by increasing the 

bioavailability of this one-carbon unit (37).

We purified catalytically active forms of MAT1A (tetramer) and MAT2A (dimer). SAM 

biosynthesis occurs through three genes (MAT1A, MAT2A, and MAT2B) encoding 

MAT enzymes, which catalyze the nucleophilic addition of L-methionine to adenosine 

triphosphate (ATP) (38). MAT1A encodes for expression of tetramer (MAT1A) and 

homodimer (MATIII), which are primarily expressed in healthy liver tissue, while MAT2A 
and MAT2B encode for expression of MAT2A and MATβ regulatory subunit, respectively, 

which are expressed in all other cell types, fetal liver tissue, and liver cancer (38). Whereas 

MAT1A and MAT2A share high sequence homology (84%) (39), they differ in substrate 

affinity and product inhibition, affecting their levels of SAM production (Supplementary 

Discussion) (40, 41).

To determine a physiologically relevant range of formaldehyde concentrations, we measured 

basal formaldehyde levels in HepG2 cells using a ratiometric fluorescent probe previously 

developed in our laboratory, RFAP-1 (16). Standard addition from exogenously added 

formaldehyde allowed us to obtain a cellular formaldehyde concentration of 49 ± 10 μM 

in HepG2 (Fig. 3A) comparable to reported measurements (19, 20, 22, 42). To probe the 

effects of formaldehyde on MAT1A activity, we performed kinetic enzyme assays to monitor 

SAM production in vitro using triple quadrupole (QqQ) mass spectrometry (37). Enzymatic 

activity of MAT1A decreased 44% in response to 100 μM formaldehyde and 60% in 

response to 500 μM formaldehyde (Fig. 3B). In contrast, MAT2A retains full catalytic 

activity in the presence of even large excess of formaldehyde at 100 and 500 μM (Fig. 3B). 

Formaldehyde thus selectively inhibits MAT1A activity in an isoform-specific manner.
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Cys104 and Cys149 are common to both MAT isoforms, whereas Cys120 and Cys376 

are present only in MAT1A. To identify which of the cysteine residues imparts sensitivity 

to formaldehyde-dependent catalytic activity inhibition, we purified MAT1A C120S and 

MAT1A C376S mutants. MAT1A C120S activity displayed no significant reduction in 

activity in the presence of 100 and 500 μM formaldehyde (Fig. 3B), indicating a functional 

role of Cys120 in formaldehyde-sensitivity. In contrast, MAT1A C376S activity displayed 

comparable activity to that of wildtype MAT1A with 58% inhibition from 100 μM 

formaldehyde and 68% inhibition from 500 μM formaldehyde (Fig. 3B). A MAT2A 

G120C mutant was created and analyzed with no significant reduction in activity with 100 

μM formaldehyde and slightly decreased activity with 500 μM formaldehyde (fig. S7A), 

indicating additional factors around the Cys120/Gly120 residue (fig. S7B) (39) may drive 

the role of formaldehyde modification in MAT2A.

Analyzing MAT1A activity at lower formaldehyde concentrations, even 10 μM 

formaldehyde was sufficient to reduce the apparent kcat by 22%, with treatments of 25 

and 100 μM formaldehyde further reducing kcat by 59% and 88%, respectively, showing 

dose-dependent MAT1A inhibition in a physiologically relevant 10–100 μM range (Fig. 3C, 

fig. S7C, and table S3). Formaldehyde treatments also reduced substrate binding affinity as 

reflected by increasing KM values for formaldehyde (fig. S7C and table S3), though to a 

lesser extent, showing that MAT1A inhibition by formaldehyde is largely kcat driven. We 

also assessed the selectivity of formaldehyde for MAT1A inhibition over hydrogen peroxide 

(H2O2), nitric oxide (NO), and acetaldehyde. There was only modest inhibition of MAT1A 

upon treatment with 100 μM H2O2 (12% reduction) and 100 μM NO (31% reduction) (Fig. 

3C, fig. S7D, and table S3), at concentrations which represents a large excess of these 

species, typically found in the nanomolar range (18). We also did not observe significant 

change in kcat with 100 μM acetaldehyde (fig. S7, E and F, and table S3), show that MAT1A 

inhibition is formaldehyde selective.

MAT1A-positive, but not MAT2A-positive cells, respond to formaldehyde by decreasing 
cellular SAM biosynthesis.

To evaluate the effects of formaldehyde-dependent inhibition of MAT1A activity in a 

cellular context, we used CRISPR-Cas9-mediated knockout of MAT1A and MAT2A in 

hepatoblastoma-derived HepG2 cells. HepG2 cells endogenously express both MAT1A and 

MAT2A, making them ideally suited to create a pair of matched cellular models expressing 

only MAT1A or MAT2A. We successfully created two such cell lines: MAT2A knockout 

(KO) HepG2 cells expressing only MAT1A (MAT1A-positive) and MAT1A KO HepG2 

cells expressing only MAT2A (MAT2A-positive) (fig. S8A).

Based on the collective data from proteomics and biochemical experiments, we reasoned 

that formaldehyde-dependent inhibition of MAT1A would result in a decrease in cellular 

SAM levels and methylation of downstream targets, whereas the methylation potential of 

MAT2A-dependent cells would be insensitive to formaldehyde. To test this hypothesis, 

we measured levels of SAM production for MAT activity in response to varying doses 

of formaldehyde. We applied ethionine supplementation as a MAT substrate to create 

the more stable cellular product S-adenosylethionine (SAE) (37), which cannot be used 
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by downstream methyltransferases, resulting in an intracellular buildup of SAE that can 

be quantified through mass spectrometry. Cells were also incubated in a one-carbon unit 

restriction (1CR) media lacking serine, glycine, and methionine, which results in depletion 

of methyl units (43). After validating the use of SAE and 1CR (fig. S8B), results showed 

a dose-dependent decrease in SAE production in MAT1A-positive cells in response to 0, 

200, and 400 μM formaldehyde and no change in SAE production in MAT2A-positive cells 

(Fig. 3D), confirming that MAT2A activity is not sensitive to formaldehyde. To determine 

the biological relevance of MAT1A inhibition on SAM levels, we determined a SAM/SAH 

ratio of 23.1 in MAT1A-positive cells compared to a ratio of 20.5 in MAT1A-positive cells 

with 200 μM formaldehyde, 18.4 in HepG2 WT, and 7.6 in MAT2A-positive cells (fig. S8B), 

showing that even when compensatory mechanisms and one-carbon units are available, 

inhibition by formaldehyde and the more extreme full knockout of MAT1A resulted in a 

decrease in cellular SAM.

Genetic mouse models of chronic formaldehyde overload show deficiencies in MAT1A-
dependent SAM production and methylation on privileged targets.

The collective data identify a reciprocal feedback cycle in which formaldehyde exposure 

and elevation inhibits SAM biosynthesis in a dose-dependent and isoform-specific manner. 

Given that formaldehyde-related diseases arise from chronic rather than acute exposure (44–

47), we sought to test this model in vivo to help decipher the physiological relationships 

between formaldehyde and SAM pools and their effects on downstream methylation 

pathways (Fig. 4A). We investigated a previously developed Adh5−/− mouse that has 

been used as a model of chronic formaldehyde stress (Supplementary Discussion) (10, 48, 

49). Adh5−/− mice were determined to have elevated formaldehyde and N2-hydroxymethyl-

deoxyguanosine, a major formaldehyde adduct on DNA (50), compared to their wildtype 

counterparts (10, 21, 22). Formaldehyde is detoxified through two clearance mechanisms 

relying on ADH5 and ALDH2; the double knockout mice are visibly smaller than individual 

knockout mice, and the rare survivors did not live longer than 47 weeks (22).

We first assessed the ratio of S-adenosylmethionine (SAM) to S-adenosylhomocysteine 

(SAH) as a measure of cellular methylation potential (51), hypothesizing that formaldehyde-

dependent inhibition of MAT1A would result in a decreased SAM/SAH ratio in Adh5−/− 

mice liver compared to WT. Metabolomic data quantifying extracted metabolites indeed 

showed a significant decrease in SAM in Adh5−/− liver compared to WT with no change 

in SAH (Fig. 4B). We next examined if lowered SAM/SAH ratios would be reflected in 

inhibition of SAM-dependent methylation of DNA and mRNA. However, quantification 

of 5-methyldeoxycytidine (5mC) as a measure of global DNA methylation (Fig. 4C) and 

N6-methyladenosine (m6A) as a measure of global mRNA methylation (Fig. 4D) by mass 

spectrometry displayed no significant changes between WT and Adh5−/− mice liver samples. 

These results aligned with previous observations that Adh5−/− mice are physiologically 

comparable to their WT counterparts and may be able to sustain methylation through 

compensatory aldehyde dehydrogenase activity (22). In addition to DNA and mRNA, we 

also examined histone methylation, with particular interest in monitoring mono-, di-, and 

trimethylation of H3K4, K36, and K79 histone that were reported as methyl sinks (52) 

associated with transcriptional activation, elongation (53), and chromatin structure (54). 
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Indeed, we observed that in histones purified from Adh5−/− mice liver, K4 and K79 show 

statistically significant decreases in methylation in mono- and dimethylation (Fig. 4E and 

fig. S9, A and C). In contrast, K9, K27, and K36 methylation and K27 acetylation were 

not found to be significantly changed in Adh5−/− histones (Fig. 4F and fig. S9, B and C). 

The data are in line with the highly prioritized and compartmentalized nature of one-carbon 

metabolism pathways (4), showing privileged specificity for certain methyl sinks that are 

affected by chronic elevations in cytosolic formaldehyde pools despite a global decrease in 

SAM.

Formaldehyde-inhibited SAM production leads to isoform-specific compensatory 
increased MAT1A expression through genetic and epigenetic mechanisms.

During periods of chronic liver stress, such as in hepatocellular carcinoma, an isoform 

switch from MAT1A to MAT2A leads to an overall reduction in basal levels of SAM 

production (36, 37). As such, we sought to test how chronic formaldehyde elevations in 

the genetic Adh5−/− mouse model may influence overall MAT expression to compensate 

for the sustained loss of MAT1A activity (Fig. 5A). We first measured MAT1A and 

MAT2A protein expression levels in Adh5−/− mice liver lysate; immunoblotting showed 

that protein expression for MAT1A was elevated 2.8-fold in Adh5−/− liver over WT, but 

MAT2A expression was not significantly changed (Fig. 5B and fig. S10A). Therefore, in 

this in vivo context, SAM deficiency caused by chronic formaldehyde overload is indeed a 

result of inhibition of MAT1A activity rather than an isoform switch to MAT2A, with the 

observed increase in MAT1A expression as a potential compensatory mechanism to combat 

this deficiency.

To decipher the mechanism by which MAT1A expression was altered by chronic 

formaldehyde elevation, we quantified the normalized expression change of mRNA 

transcripts for Adh5−/− compared to WT. We found that the trends for both Mat1a and 

Mat2a mRNA levels paralleled the trends in protein expression (Fig. 5C), indicating 

that compensation is mediated at the transcriptional level. In this context, the MAT1A-to-

MAT2A expression switch has been reported to be regulated by DNA methylation, where 

hypo- or unmethylated MAT1A and MAT2A promoters are known to induce expression of 

the respective isoform (40, 55, 56). To investigate CpG methylation of Mat1a and Mat2a 
CpG sites, targeted next-generation bisulfite sequencing was analyzed in the mouse Mat1a 
and Mat2a promoters and gene bodies to identify changes in methylation that are potentially 

regulating enzyme expression (57–59). We observed select CpG sites in the Mat1a promoter 

that showed reduced methylation in Adh5−/− compared to WT liver (Fig. 5D). The observed 

decreases in methylation of the Mat1a promoter with concomitant increases in mRNA 

transcripts and protein expression are in line with reports showing that hypomethylation 

of the Mat1a promoter results in an increase in expression (55, 56). In contrast, we did 

not observe formaldehyde-dependent methylation changes of CpG sites in Mat2a (Fig. 

5E). These results support the model that SAM deficiency upon formaldehyde overload is 

regulated by MAT1A activity in an isoform-specific manner, with DNA hypomethylation 

as one of the potential compensatory mechanisms that elevate MAT1A expression and thus 

help maintain SAM levels in response to this deficiency.
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To further support whether the observed changes in Mat1a promoter CpG methylation 

and MAT1A expression were a direct consequence of elevated formaldehyde levels, rather 

than disruption from formate and other one-carbon metabolite sources upon Adh5–/–, we 

utilized cell models with acute formaldehyde treatment to monitor CpG methylation and 

MAT1A and MAT2A expression. We exposed HepG2 cells to 200 μM formaldehyde and 

analyzed CpG methylation and protein expression at 2- to 10-hour timepoints relative to 

10-hour vehicle control. Similar to what was observed in the Adh5−/− mouse model, we 

observed an increase in MAT1A expression (0.047-fold change/hour) and mRNA transcripts 

(0.026-fold change/hour) over time, but MAT2A expression and transcripts remain largely 

unchanged (fig. S10B and fig. S11, A and B). A similar experiment with 5 mM SAM 

supplementation displayed no significant change in MAT1A expression (fig. S11, C and 

D), suggesting that the increase in MAT1A expression from formaldehyde treatment is 

SAM-dependent. Analysis of targeted bisulfite sequencing CpG sites with higher than 2% 

methylation revealed, aside from CpG # −15, that the assayed MAT1A CpG sites were 

either unchanged or had a negative rate of methylation percent change per hour over the 

10-hour formaldehyde treatment; MAT2A sites instead increased over time (fig. S11, E and 

F). Together, the cell and mouse model data are consistent with formaldehyde overload 

triggering a compensatory, isoform-specific increase in MAT1A expression through genetic 

and epigenetic regulation mechanisms.

Chronic formaldehyde elevation alters genome-wide methylation and transcriptional 
regulation.

We next explored effects of chronic formaldehyde elevation on genome-wide gene 

regulation. Indeed, in this context it has been shown that SAM treatment in HepG2 cells 

leads to differential hypo- and hypermethylation of select DNA CpG sites (60). As such, 

we performed genome-wide CpG methylation analysis in liver samples from Adh5−/− mice 

compared to WT controls. Mat1a and Mat2a CpG DNA methylation were analyzed in 

the genome-wide dataset to support the results from the targeted bisulfite sequencing. 

We observed a trend of hypomethylation in Adh5−/− samples in 4 of the 6 analyzed 

Mat1a CpG sites (Fig. 5F). No change was observed for the 5 CpG sites for Mat2a (fig. 

S12A). Similar to a previous report on SAM-dependent DNA methylation changes (60), 

we observed both hypo- and hypermethylation of CpG sites in Adh5−/− compared with 

WT (Fig. 5G, fig. S12B, and table S4). Pathway analysis showed that there was selective 

hypomethylation of CpGs present in metabolic genes involved in alcoholic liver disease, 

fatty acid metabolism, and affecting genes containing the binding sites motifs of c-Myc, 

ZF5, and E2F1 in Adh5−/− mice (Fig. 5H and fig. S12C). In addition, a gain of methylation 

was observed in genes involved in propanoate metabolism and in oxidoreductase activity 

on alcohol group of donors (Fig. 5I and fig. S12D). The genes containing binding site 

motifs for FOXO3a presented a significant gain of methylation in Adh5−/− compared to 

WT. Remarkably, most of the genes showing loss or gain of methylation are involved 

in metabolic pathways, suggesting formaldehyde might drive a metabolic reprogramming 

through selectively altering CpG methylation. The expression of genes controlled by c-Myc 

or FOXO3a might be significantly altered by endogenous formaldehyde. Subsequently, 

analysis of TF binding profiles with the JASPAR database (61) revealed 11 TF binding 

profiles with significant enrichment (P < 0.01) among the hypomethylated CpG sites and 
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37 TF binding profiles among the hypermethylated CpG sites (fig. S13, A and B, and table 

S5). Focusing on CpG sites located within promoter regions identified 2 TF binding profiles 

(CEBPB and NFIX) for CpG hypomethylation and 3 TF binding profiles (ZNF707, PAX3, 

FOSB:JUNB) for CpG hypermethylation (fig. S13, C and D, table S5), exhibiting TFs with 

potential key roles in formaldehyde-dependent gene regulation.

To provide functional support for the effect of formaldehyde on MAT1A expression 

through regulation of the MAT1A promoter (Fig. 5J), we performed a luciferase assay 

with a MAT1A promoter-luciferase plasmid (55). In vitro methylation was performed to 

obtain a pair of fully unmethylated active and fully methylated inactive MAT1A plasmids. 

HepG2 cells were transfected with methylated MAT1A promoter-luciferase plasmid, and 

luminescence was measured, with the unmethylated MAT1A promoter plasmid as a positive 

control for promoter activity. Cells treated with 200 μM formaldehyde for 10 hours showed a 

1.7-fold change increase in luciferase activity compared to untreated samples (Fig. 5K). The 

observed increase in formaldehyde-triggered promoter activity was negated by 5 mM SAM, 

supporting that the effect of formaldehyde is SAM-dependent.

Since the changes in Mat1a promoter hypomethylation are modest and alone likely do not 

fully explain the large compensatory increase in MAT1A expression upon formaldehyde 

exposure, we investigated other potential regulatory mechanisms. To this end, MAT1A is 

known to be regulated by several transcription factors (TFs), including but not limited to 

HNF4α, C/EBPα, C/EBPβ, GR, c-Myc, and E2F1 (Fig. 5J) (40). To determine the potential 

contributions of these TFs on formaldehyde-dependent regulation of MAT1A expression, 

we applied the luciferase MAT1A promoter assay after individual knockdown of the 6 TFs 

or an untargeted control siRNA (fig. S14A). Upon knockdown of hepatocyte nuclear factor 

4-alpha (HNF4α), CCAAT/enhancer-binding protein alpha (C/EBPα), and beta (C/EBPβ), 

we observed that promoter activity was insensitive to formaldehyde treatment (Fig. 5L), 

showing that these TFs are involved in formaldehyde-dependent MAT1A regulation. 

C/EBPβ was of particular interest as its binding profile was enriched in promoters in our 

TFs analysis (fig. S13C). In contrast, upon knockdown of Myc proto-oncogene protein 

(c-Myc), increases in formaldehyde-dependent promoter activity were comparable to that of 

untargeted siRNA control (Fig. 5, K and L).

The functional cellular assays are supported by immunoblotting data showing that levels 

of HNF4α, C/EBPα, and C/EBPβ protein, but not c-Myc, are higher in Adh5−/− mice 

relative to WT (Fig. 5M and fig. S14B). These results are in line with reports showing 

that these TFs can positively regulate MAT1A expression (57, 62). Although its putative 

binding motif was found to be enriched in differentially methylated positions (DMPs) 

in our genome-wide CpG analysis, c-Myc expression was unchanged in Adh5−/− mice. 

The transcription factors GR and E2F1 were also analyzed (fig. S14, B to D), but their 

expression increases were not correlated with significance in formaldehyde-sensitivity, 

suggesting more complex factors, including localization, binding, and activity, are in play. 

There may also be a difference in mechanism between human hepatoblastoma HepG2 

cells and normal mice liver as the human and murine MAT1A promoters differ (Fig. 5J). 

Together with our data showing MAT1A promoter sensitivity to formaldehyde with these 

TFs, the observed increases of HNF4α, C/EBPα, and C/EBPβ expression in Adh5−/− mouse 
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model of chronic formaldehyde elevation establish their participation in formaldehyde/

SAM-dependent regulation of MAT1A expression.

Conclusions

Activity-based protein profiling of formaldehyde-reactive cysteine residues reveals that 

formaldehyde is not an indiscriminate electrophile, but instead serves as a regulatory 

post-translational modifier that can target a privileged class of hyperreactive cysteine 

residues in the proteome. By focusing on its contributions in one-carbon metabolism, we 

characterized an isoform-specific inhibition of MAT1A activity by formaldehyde at a key, 

conserved cysteine site. We identified a biochemical feedback cycle between two ubiquitous 

one-carbon units, where formaldehyde can regulate the biosynthetic production of SAM, the 

major methyl donor of the cell. Using an Adh5−/− mouse model of chronic formaldehyde 

overload, we established the physiological significance of this one-carbon crosstalk by 

observing that formaldehyde-dependent inhibition of SAM biosynthesis decreases the 

methylation potential of the cell in a highly selective manner, despite a global decrease 

in SAM levels. Specifically, we observed methylation changes in privileged K4 and 

K79 histone methylation sites as methyl sinks, rather than ubiquitous, global changes to 

DNA, RNA, and histone methylation targets. Additionally, we uncovered a compensatory 

feedback pathway for formaldehyde-dependent SAM deficiency, where chronic and acute 

formaldehyde overload results in selective increase in MAT1A expression. A formaldehyde-

MAT1A-SAM feedback cycle is mediated through formaldehyde-dependent MAT1A 

inhibition and a combination of epigenetic regulation via altered methylation at select 

transcription factor binding sites and increased expression of select transcription factors to 

trigger with compensatory upregulation of MAT1A expression.

The collective data support a model where in healthy cells, when formaldehyde 

homeostasis is tightly maintained, the methyl unit on methionine is converted to SAM 

for use in downstream methyltransferase writers that install one-carbon post-translational 

modifications on proteins, nucleic acids, and other metabolic substrates (Fig. 5N) (63). 

In turn, a number of formaldehyde-generating demethylase enzyme erasers for these post-

translational modifications, such as lysine-specific demethylase, possess folate binding 

pockets that sequester the released formaldehyde into 5,10-methylenetetrahydrofolate 

(5,10-me-THF), which is then converted into 5-methyl-THF (5-Me-THF) to methylate 

homocysteine and produce methionine (64). As such, cells achieve a biochemical 

conservation of one-carbon units within the one-carbon cycle by balancing SAM 

biosynthesis and methylation/demethylation reactions. In cells with elevated levels of 

formaldehyde—owing to toxic exposure, metabolic imbalances, and/or disease progression

—dysregulation of carbon units stems from the decreased biosynthesis of SAM through 

MAT1A regulation and results in hypomethylation of downstream disease targets (Fig. 5O). 

This dysregulation can lead to epigenetic dysregulation and genome instability. Indeed, 

hypermethioninemia occurs from decreased MAT1A activity (65), leading to a buildup of 

THF intermediates that we have previously shown to spontaneously degrade to release 

formaldehyde (10). In turn, this elevated formaldehyde production further inhibits the 

biosynthesis of SAM, leading to a global depletion of one-carbon units in the cell. Owing 

to the universal nature of one-carbon metabolism in all organisms and the central roles 
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of SAM-dependent biochemical processes in the cell, the identification of a molecular 

interplay between one-carbon formaldehyde and SAM biosynthesis sets the stage for further 

investigations of how these reactive carbon species contribute to biological function.

Materials and Methods Summary

Full details of this study’s methods are described in the Supplementary Materials. 

Methods are briefly listed here. Isotopic tandem orthogonal proteolysis–activity-based 

protein profiling (isoTOP-ABPP) and proteomics data analyses was performed as previously 

described (66) with mouse liver tissue lysate and 500 μM formaldehyde treatment. Site-

directed mutagenesis was performed on MAT1A and MAT2A WT plasmids to obtain 

MAT1A C120S, MAT1A C376S, and MAT2A G120C mutants. His6-tagged MAT proteins 

were purified for biochemical analyses and protein crystallography; the structure was 

processed and refined using HKL2000 (67), Phenix (68), and COOT (69). Formaldehyde 

modifications on MAT1A peptides were analyzed by Q Exactive mass spectrometry. 

MAT activity assays were performed with formaldehyde treatment, addition of methionine 

and ATP substrates, quenching over multiple timepoints, and analysis with Enzkin (70) 

or Prism. CRISPR-mediated knockout (KO) of MAT1A and MAT2A was performed in 

HepG2 human hepatoblastoma cells to demonstrate isoform-specificity of formaldehyde 

treatment through the measurement of S-adenosylethionine (SAE) as a stable proxy of 

S-adenosylmethionine (SAM). To quantify methylation potential in HepG2 WT and KO 

cell lines upon formaldehyde treatment, SAM and S-adenosylhomocysteine (SAH) were 

extracted by adapting a previously reported protocol (71). Metabolites were measured by 

triple quadrupole LC-MS. An endogenous elevated formaldehyde model, Adh5−/− mice, was 

then studied in comparison to WT. Untargeted metabolomics was performed by Metabolon 

in mouse liver tissue as previously described (72). 5-methyldeoxycytidine (5mC) DNA 

methylation in the same cohort of mice as Mulderrig et al. (49), and N6-methyladenosine 

(m6A) mRNA methylation were measured by mass spectrometry. Histone methylation 

was analyzed in purified histones by immunoblotting with modification-specific antibodies, 

with specificity insight from the histone antibodies database (73). MAT protein expression 

were analyzed by immunoblotting, and mRNA transcripts were analyzed by RT-qPCR 

and the 2–ΔΔCT quantification method (74). CpG DNA methylation was analyzed by 

targeted bisulfite sequencing, and global DNA methylation was analyzed using Infinium 

Mouse Methylation BeadChip Array. Enrichment of transcription factor binding profiles 

was analyzed with JASPAR database (61, 75). Transcription factor siRNA knockdown 

in HepG2 was performed was followed by transfection of luciferase MAT1A promoter 

plasmid, provided by the Lu lab (55). Luciferase assay was performed to demonstrate the 

effects of formaldehyde on MAT1A promoter activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. isoTOP-ABPP identifies privileged, formaldehyde-sensitive cysteine sites across the 
proteome.
(A) Workflow for isotopic tandem orthogonal proteolysis–activity-based protein profiling 

(isoTOP-ABPP) analysis of formaldehyde (FA)-sensitive cysteine sites applied to whole 

proteomes. Mouse liver lysate was treated with vehicle or formaldehyde, followed 

by iodoacetamide (IA)-alkyne cysteine activity-based probe, labeling of isotopic tags 

with copper-catalyzed azide-alkyne cycloaddition (CuAAC), downstream digestion, and 

subsequent analysis of peptide fragments using LC-MS/MS. (B) Waterfall plot of light/

heavy ratios of formaldehyde (FA)-sensitive cysteine sites from isoTOP-ABPP (yellow), 

revealing a pattern of privileged targets for this one-carbon unit. Important enzymes involved 

in one-carbon and formaldehyde metabolism are labeled with the cysteine residue and 

MAT1A ratios in parentheses. Gray dotted line represents log2 ratio of 1.58, equivalent to 

a ratio of 3. Targets were filtered for appearing in at least two technical replicates. (C) Pie 

chart summarizing the KEGG pathways most abundant with enzymes with ratios greater 

than 3 for formaldehyde-sensitive cysteines. Pathways were separated into two pie charts by 

metabolism and cellular processes (308 proteins, left) and organismal systems and diseases 

(172 proteins, right).
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Fig. 2. Formaldehyde forms site-specific covalent cysteine modifications on MAT1A.
(A) Workflow for the identification of formaldehyde (FA)-dependent covalent modifications 

on purified MAT1A protein in vitro. (B to E) Representative MS/MS spectra of 

formaldehyde modification of (B) Cys104, (C) Cys120, (D) Cys149, and (E) Cys376 

upon fragmentation and sequencing to generate b (blue) and y (red) ions to indicate a (B) 

thiazolidine (Δm/z = +12.00) and (C to E) hemithioacetal (Δm/z = +30.01) modifications, 

respectively. (F) Crystal structure showing the position of all four identified cysteine 

residues relative to the SAM-bound active site of MAT1A. The angstrom distance between 

each cysteine residue and SAM are noted. SAM and imidotriphosphate (PPNP), substitute 

for ATP, are labeled.
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Fig. 3. Formaldehyde inhibits SAM biosynthesis of MAT1A at Cys120 on purified protein in a 
dose- and isoform-dependent manner, lowering levels of SAM in cells.
(A) Standard addition curve of formaldehyde in HepG2 by RFAP-1 fluorescent probe. Error 

bars are SD (n = 4) of technical cell replicates for each concentration. (B) Relative activity 

of MAT1A WT, MAT2A WT, MAT1A C120S, and MAT1A C376S enzymes in response 

to 0 (yellow), 100 (orange), or 500 μM (purple) formaldehyde (FA). Error bars denote SD 

(n = 3) of independent protein aliquots. (C) kcat of MAT1A WT untreated or treated with 

10 μM, 25 μM, 100 μM of formaldehyde, and 100 μM of reactive species (H2O2 or NO). 

Michaelis-Menten kinetic analysis and KM values are reported in table S3. Error bars are SD 

(n = 3 or 4) of independent protein aliquots. (D) Measurements of SAE levels in CRISPR-

generated HepG2 cell models showing that MAT1A-positive MAT2A KO cells are sensitive 

to formaldehyde and lead to SAE depletion whereas SAE levels in MAT2A-positive MAT1A 
KO cells are unaffected by formaldehyde exposure. Error bars are SD (n = 3) of technical 

cell replicates. Statistical significance (B to D) was determined with one-way ANOVA and 

P-values are from Tukey’s HSD post hoc analyses.
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Fig. 4. Genetic mouse model of chronic formaldehyde overload has reduced methylation 
potential that specifically targets histone methyl sinks.
(A) Schematic of SAM and its downstream methylation that were measured in WT and 

Adh5−/− mice liver. (B) SAM and SAH measured by mass spectrometry in WT and 

Adh5−/− liver. (C) Global DNA methylation measured by 5-methyldeoxycytidine (5mC) 

and normalized by deoxycytidine (dC). (D) Global RNA methylation measured by N6-

methyladenosine (m6A) and normalized by adenosine (A). (E) Histone H3 methylation 

measured by immunoblotting for K4 and K79 mono- (me1), di- (me2), and trimethylation 

(me3). (F) Histone H3 methylation measured by immunoblotting for K9, K27, and K36 

mono-, di-, and trimethylation and K27 acetylation (ac). All histone blots were normalized 

by total histone H3. WT (n = 5, yellow) and Adh5−/− (n = 6, orange) of biological replicates. 

Error bars represent SD for all graphs. Statistical significance was determined with two-

tailed t-test.
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Fig. 5. Chronic elevations in formaldehyde induce compensatory increases in MAT1A expression 
by decreasing promoter methylation.
(A) Schematic and summary of results of MAT1A regulation in response to elevated 

formaldehyde (FA) in Adh5−/− mice liver. (B) MAT1A and MAT2A protein expression 

measured by immunoblotting for WT (n = 5, yellow) and Adh5−/− liver (n = 6, orange) 

of biological replicates. (C) Mat1a and Mat2a mRNA transcript levels measured by RT-

qPCR. (D to E) Difference in percent methylation of (D) Mat1a and (E) Mat2a DNA 

CpG sites between Adh5−/− and WT liver. X-axis shows schematic of Mat1a and Mat2a 
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promoters for CpG sites with greater than 2% methylation. Sites are numbered sequentially 

relative to the ATG site. P-values are determined with two-way t-test. (F) Heatmap of 

CpG beta values for MAT1A sites analyzed in the genome-wide CpG analysis. Beta values 

represent percent methylation from 0 (fully unmethylated) to 1 (fully methylated). (G) 

Volcano plot of the delta between Adh5−/− compared to WT for genome-wide CpG beta 

values. One-carbon and fatty acid metabolism gene hits of interest are labeled. (H) Pathway 

enrichment analysis of methylation loss in Adh5−/−. (I) Pathway enrichment analysis of 

methylation gain in Adh5−/−. (J) Schematic of human MAT1A and mouse Mat1a promoter 

with transcription factors (TFs) studied in this work labeled. Transcription factors that were 

deemed as important for MAT1A promoter sensitivity for formaldehyde are in orange. (K) 

Luciferase assay of HepG2 human MAT1A methylated and unmethylated promoters with 

0 or 200 μM formaldehyde and 5 mM SAM treatments. Data is normalized to untreated 

control. 0 and 200 μM formaldehyde treatment (n = 14) technical cell replicates from 

four experiments, formaldehyde with SAM treatment (n = 7) technical cell replicates 

from two experiments, unmethylated promoter (n = 13) technical cell replicates from 

four experiments. (L) Luciferase assay of HepG2 siRNA-mediated transcription factor 

knockdown with human MAT1A methylated promoter with 0 or 200 μM formaldehyde. 

Data is normalized to each untreated control. HepG2 (n = 7 to 9) of technical cell replicates 

from two experiments. (M) Expression of several MAT1A-associated transcription factors 

in WT (n = 8) versus Adh5−/− (n = 7) of biological replicates. Error bars represent SD 

for all graphs. Statistical significance was determined with two-tailed t-test. (N) Proposed 

model of normal one-carbon metabolism in cells through MAT1A-catalyzed production 

of SAM and demethylation reactions, preserving the carbon unit through folate-mediated 

synthesis of methionine. (O) Proposed model of formaldehyde (FA)-dependent regulation 

of one-carbon metabolism in cells under situations of formaldehyde overload, showing 

decrease of SAM biosynthesis from isoform-specific formaldehyde-inhibition of MAT1A 

(gray arrows), disruption of the folate cycle due to hypermethioninemia, and further 

formaldehyde elevation from spontaneous folate degradation (dashed red arrows).
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