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Abstract

The cofactor tetrahydrofolate (THF) is used to reduce, oxidize and transfer one-carbon (1C) units 

required for the synthesis of nucleotides, glycine, and methionine. Measurement of intracellular 

THF species is complicated by their chemical instability, signal dilution caused by variable 

polyglutamation and the potential for interconversion among these species. Here we describe a 

method using negative mode liquid chromatography-mass spectrometry (LC-MS) to measure 

intracellular folate species from mammalian cells. Application of this method with isotope-labeled 

substrates revealed abiotic interconversion of THF and methylene-THF, which renders their 

separate quantitation particularly challenging. Chemical reduction of methylene-THF using 

deuterated sodium cyanoborohydride traps methylene-THF, which is unstable, as deuterated 5-

methyl-THF, which is stable. Together with proper sample handling and LC-MS, this enables 

effective measurements of five active folate pools (THF, 5-methyl-THF, methylene-THF, 

methenyl-THF/10-formyl-THF, and 5-formyl-THF) representing the biologically important 1C 

oxidation states of THF in mammalian cells.
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Introduction

Folate is an essential dietary vitamin commonly measured in food, plants, serum, urine and 

tissues (1–7). Folates are a family of pteroylglutamate species in various oxidation states. 

The most reduced form, and biologically active species, tetrahydrofolate (THF) (8), 

mediates one-carbon (1C) metabolism which is required for the synthesis of thymidine, 

purines, methionine, and glycine. These 1C metabolic reactions are essential for fetal growth 

(9), proliferation of adult tissues, and cancer progression (10, 11). Recent work has 

uncovered roles for folate metabolism in redox homeostasis and methylation regulation (12, 

13). Inhibitors of these processes (antifolates) are commonly used as immunosuppressive 

and anticancer agents.

Chemically, 1C units are carried on the reduced pteridine ring of THF (Figure 1). This ring 

can accommodate a 1C group in various oxidation states through different bonding between 

the 1C unit and the ring’s 5-position and exocyclic 10-position nitrogen atoms. The most 

reduced one-carbon species, 5-methyl-THF, is used in the synthesis of methionine; the 

intermediate oxidation state of 5,10-methylene-THF is used for thymidine synthesis and for 

serine-glycine interconversion; and the most oxidized 1C species, 10-formyl-THF, is used in 

the synthesis of purines (Figure 1). Methenyl-THF is an intermediate between methylene-

THF and 10-formyl-THF, and is at the same oxidation state as 10-formyl-THF. A positional 

isomer of 10-formyl-THF, 5-formyl-THF (folinic acid or leucovorin), serves as a stable 

formyl storage molecule. It is commonly used clinically to mitigate the side effects of 

antifolates through intracellular interconversion to methenyl-THF, but is not a fundamental 

biosynthetic precursor by itself (14). In summary, there exist five 1C bound states of THF 

(methyl, methylene, methenyl, 10-formyl, 5-formyl) representing three oxidation states of 

the 1C unit.

The measurement of the set of active folate species from cell or tissue samples is 

complicated by three main factors: chemical susceptibility to oxidation, the variable extent 

of THF polyglutamation, and the potential for interconversion among these species. Similar 

issue arise also in analysis of folates in foods (15–18). By comparison, measurement of 

serum folates is simpler because oxidative degradation can be readily addressed by ascorbic 

acid, extracellular folates are not polyglutamated and the chemical forms are largely limited 

to folate and 5-methyl-THF (5), which do not interconvert. Consequently, while the 

chemistry of folate interconversions has been established (19), it is not commonly addressed 

in bioanalytical methods that have been mainly developed for serum samples (5).

Folates from intracellular samples are polyglutamated to retain them inside the cell and to 

enhance enzyme binding, a process that creates a distribution of molecular formulas and thus 

masses for every pteridine form. Methods for measuring the full scope of different 

polyglutamated THF species by LC-MS have been reported in bacteria (20). In mammalian 

cells, however, the abundance of these species is lower and the diversity of polyglutamated 

species greater (21). Accordingly, measurement relies on polyglutamate removal, 

condensing polyglutamated forms into a single monoglutamate pool. This is typically 
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accomplished with rat serum (18, 22), which has substantial glutamate carboxypeptidase 

activity (23).

In developing an LC-MS method to analyze folates from cells treated with isotope tracers, 

we observed systematic discrepancies between the labeling of different folate species, and 

between certain folate species and their downstream metabolic products. This reflects post-

lysis chemical interconversions that affect the measurements of the individual folate forms. 

To overcome these interconversion problems, we denatured enzyme activity in the lysates by 

brief heat treatment. In addition, we developed a derivatization technique using sodium 

cyanoborodeuteride (NaBD3CN) reduction to convert methylene-THF into deuterium (2H)-

labeled 5-methyl-THF. This technique enables accurate measurement of the THF and 

methylene-THF pools. Together, our optimized protocol allows for the accurate 

determination of free cellular THF and each of the different 1C-bound THF pools 

encompassing the biologically relevant oxidation states.

Material and methods

1) Chemicals and solvents

Standards of all folate species were obtained from Schircks Laboratories except 10-formyl-

THF, which was not commercially available and was prepared according to previous 

literature (24). Stable isotope compounds [3-13C]serine, [13C,2H]sodium formate, [uniform 

(U)-2H]MeOH, [U-2H]formaldehyde were obtained from Cambridge Isotope Laboratories. 

Rat serum, activated charcoal, NaBH3CN and NaBD3CN were obtained from Sigma. HPLC-

grade water, methanol and acetonitrile (Optima) were obtained from ThermoFisher 

Scientific.

2) Cell culture

HEK293T cells (ATCC, CRL-11268) were grown in DMEM (Cellgro, 10-017) without 

pyruvate and supplemented with 10% FBS (Sigma) in an incubator with 5% CO2 and 

ambient oxygen at 37°C. Cell volume was measured by packed cell volume tubes 

(MIDSCI). For isotope labeling experiments, cells were plated into 6 cm plates, grown for 1 

day before switching to DMEM medium with tracers as indicated ([3-13C]-serine in place of 

the normal serine in the medium, or [13C,2H]-sodium formate added to the medium) 

supplemented with 10% dialyzed FBS (Sigma). Cells were incubated in the isotopic labeling 

medium for 24 h and were switched to fresh labeling medium 2 h before extraction. Cells 

were collected at 60% to 90% confluency.

3) Metabolite extraction and LC-MS analysis

For general small molecule metabolite extraction (not folate species), adherent cells were 

washed rapidly with PBS 3 times at room temperature (washing was required because the 

focus of the analysis was intracellular amino acid labeling) before adding 80:20 H2O:MeOH 

at −80°C. Supernatants were collected, dried down under N2 flow, resuspended in HPLC 

water, and kept at 4°C in an autosampler. Samples were analyzed by a stand-alone orbitrap 

mass spectrometer (ThermoFisher Exactive) operating in negative ion mode and coupled to 

reverse-phase ion-pairing chromatography method via electrospray ionization as described 
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previously (25). Briefly, liquid chromatography separation was achieved on a Synergy 

Hydro-RP column (100 mm×2 mm, 2.5μm particle size, Phenomenex) with a flow rate of 

200 μL/min. Solvent A was 97:3 H2O:MeOH with 10 mM tributylamine and 15 mM acetic 

acid; solvent B was methanol. The gradient was 0 min, 0% B; 2.5 min, 0% B; 5 min, 20% B; 

7.5 min, 20% B; 13 min, 55% B; 15.5 min, 95% B; 18.5 min, 95% B; 19 min, 0% B; 25 

min, 0% B. For mass spectrometry, an electrospray ionization interface was used to direct 

column eluent to an Exactive Orbitrap high resolution high accuracy mass spectrometer 

operating in negative ion mode, with a resolution of 100,000 at m/z 200. Scan window is 

m/z = 75 to 1000. AGC (automatic gain control) targets 3×106. Maximum injection time is 

250 ms. Data were analyzed using the MAVEN software package (26, 27). Data from 

labelling experiments were adjusted for natural 13C, 15N, 2H and 18O abundance and 

impurity of labeled substrate using in-house correction code running in R (28). LC-MS 

method for folates was the same, except for a small modification of the LC gradient (see 

below). While the high-resolution full scan capabilities of the Orbitrap are convenient for 

labeling studies, similar results can be obtained using other types of mass spectrometry, 

including full scan analysis on a time-of-flight instrument or, with pre-programming of the 

relevant ion masses and fragmentation reactions, targeted analysis on a triple quadruple 

instrument (5, 29), with the latter holding the potential for superior for sensitivity and 

precision when measuring only a few analytes.

4) Folate extraction and LC-MS analysis

Folates were extracted from cultured cells in 6 cm plates by aspirating media and 

immediately adding 1 mL ice cold 50:50 H2O:MeOH containing 25 mM sodium ascorbate 

and 25 mM NH4OAc at pH 7. Plates were kept on ice and cells were scraped and the 

resulting mixture of cells and solvent transferred to 1.5 mL centrifuge tubes after 30 min. 

Tubes were heated to 60 °C for 5 min to fully denature proteins, and precipitates were 

removed by centrifugation at 16000 × g for 5 min at 4 °C. To cleave glutamate tails, 

supernatants were dried under N2 flow and resuspended in 450 μL potassium phosphate 

buffer (50 mM with 30 mM ascorbic acid and 0.5% 2-mercaptoethanol at pH 7). 25 μL rat 

serum pretreated with activated charcoal to remove endogenous folate (3) was added to the 

samples before incubating at 37 °C for 2 h. We measured folate content in the serum before 

and after activated charcoal treatment, and the charcoal-treatment depleted rat serum folates 

to undetectable levels. To clean up samples before LC-MS, Bond Elut-PH SPE columns 

(Agilent) were conditioned with 1 mL MeOH and then with 1 mL wash buffer (30 mM 

ascorbic acid in 25 mM NH4OAc buffer at pH 4.0). After adjusting the samples to pH 4 with 

7 μL of 40% formic acid solution at 4°C, the samples were loaded onto the conditioned SPE 

columns, washed with 1 mL wash buffer and subsequently eluted with 400 μL elution buffer 

(50:50 H2O:MeOH containing 0.5% 2-mercaptoethanol and 25 mM NH4OAc at pH 7). The 

eluate was dried down under N2 flow, resuspended into HPLC water, centrifuged to remove 

possible precipitate, kept at 4°C in an autosampler and analyzed by LC-MS within 12 h to 

minimize degradation. Sample analysis was the same as described above with modification 

in the LC gradient, 0 min, 0% B; 2.5 min, 0% B; 5 min, 50% B; 13 min, 95% B; 14 min, 0% 

B; 20 min, 0% B. Mass spectrometry setup was the same except the scan window was m/z = 

400 to 1000. In the case of NaBH3CN or NaBD3CN reduction, before cell extraction, 1 M 

NaBH3CN or NaBD3CN stock solution was added to 50:50 H2O:acetonitrile extraction 
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buffer containing 25 mM sodium ascorbate and 25 mM HEPES (4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid) at pH 7 to a final concentration of 25 mM. 

Acetonitrile was used in place of methanol for extraction prior to derivatization, to avoid 

potential impact of formaldehyde, which is an impurity in methanol. The subsequent 

procedure was identical except 4 μL of 40% formic acid was added to adjust pH to 4 before 

SPE purification. For quantification of total pool size of THF species, 4 pmol of different 

THF species standards were spiked in to cell extracts before heat treatment.

Results and discussion

1. LC-MS-based quantification of THF species in cultured human cells

The concentration of cellular THF species is in the nM to μM range (2, 3), and these species 

exist in multiple polyglutamated forms (30). This polyglutamation creates analytical 

challenges by decreasing the signal intensity for each functional THF species in mass 

spectrometry. To combat this, we used rat serum treatment to cleave the polyglutamate 

chains from folate species and condense them into monoglutamate forms. THF species from 

treated samples were then purified and concentrated by solid phase extraction before LC-MS 

analysis (Figure 2a). We employed reverse-phase chromatography on a C18 column coupled 

to an Orbitrap mass spectrometer operating in negative ion mode. We confirmed the peak 

identify and detection limits for all folate species using our LC-MS method by purified 

standards (Table 1). We then applied the above approach to analyze THF species from 

cultured mammalian cells. From 5 μL (packed cell volume, PCV) of HEK293T cells which 

roughly corresponds to 3×106 cells, we could isolate and detect distinct peaks for THF, 5-

methyl-THF, methylene-THF, and methenyl-THF. For formyl-THF (m/z= 472.158), two 

peaks were observed, corresponding to 10-formyl-THF (RT = 9.56 min) and 5-formyl-THF 

(RT = 9.72 min) (Figure 2b). Thus, our protocol appeared to effectively quantify the major 

THF species in cultured mammalian cells.

2. Residual enzymatic activity in lysates converts 5-formyl-THF to methenyl-THF

10-formyl-THF provides a formyl unit in biosynthetic reactions and can also be oxidized or 

reduced to other 1C forms, while 5-formyl-THF is a storage molecule which contributes to 

biosynthetic 1C reactions only after being converted to methenyl-THF by an ATP-

consuming enzyme (14). Therefore, these two formyl-THF species have distinct biological 

roles. In addition to these enzyme catalyzed transformations, both 10- and 5-formyl-THF 

can interconvert with methenyl-THF via spontaneous water loss (Figure 3a).

Upon mixing methenyl-THF standard in water at 4°C, 10-formyl-THF was observed. In 

deuterated water, hydrogen-deuterium (H-D) exchange between methenyl-THF and 10-

formyl-THF occurred with a half-life of ~4 h at 4°C. The more chemically stable 5-formyl-

THF did not undergo such H-D exchange (Figure 3b). Cellular 10-formyl-THF can be 

carbon and deuterium labeled by the incorporation of exogenous [13C, 2H]-formate by the 

formyl ligase activity of MTHFD1 (31, 32). This should result in M+2 10-formyl-THF, and 

M+2 and M+4 ADP (which contains two 10-formyl THF 1C units). Indeed, upon feeding 

[13C, 2H]-formate, ADP was mainly M+2 and M+4 labeled, with only a minimal M+1 and 

M+3 fractions, indicating limited deuteron exchange in cells. In contrast, we only observed 
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M+1 10-formyl-THF suggesting that a deuteron had been lost after cell lysis (Figure 3c). 

This result is consistent with the known interconversion between 10-formyl-THF and 

methenyl-THF (33). Together, these data show that the formyl unit on cellular 10-formyl-

THF is used before it can exchange with solvent, but that abiotic exchange reactions 

preclude accurate measurement of 10-formyl-THF deuterium labeling or distinct 

quantitation of 10-formyl-THF and methenyl-THF.

We next examined whether 5-formyl-THF itself was stable during our procedure. 

Unexpectedly, when we spiked 4 pmol 5-formyl-THF standard into the supernatant of 

HEK293T cell lysate, increased methenyl-THF and 10-formyl-THF signals were observed 

suggesting conversion of 5-formyl-THF into methenyl- and 10-formyl-THF. This conversion 

was not observed with standard alone (Figure 3d), implicating residual enzymatic activity in 

lysate as the cause. Consistent with this hypothesis, heating the cell extract at 60°C for 5 min 

before spiking in 5-formyl-THF standard abolished the conversion of 5-formyl-THF to 

methenyl-THF. With sample heating to eliminate residual enzymatic activity, 5-formyl-THF 

can be measured separately from 10-formyl-THF and methenyl-THF.

3. Methylene-THF’s 1C unit exchanges with free formaldehyde

Methylene-THF dissociates into THF and formaldehyde in solution (Figure 4a). Previous 

literature reported either the total pool of methylene-THF and THF, or fully converted 

methylene-THF into THF or methyl-THF, and calculated the individual pools by comparing 

converted and non-converted samples (34, 35). However, the possibility for THF to condense 

with formaldehyde to form methylene-THF abiotically has not been addressed. Using stable 

isotope labeling, we found that the trace formaldehyde in the methanol used in sample 

preparation and chromatography can condense with THF to form methylene-THF.

In HEK293T cells, cytosolic methylene-THF is produced from 10-formyl-THF (36). In cells 

fed with [13C, 2H]-formate, methylene-THF and its downstream products methyl-THF and 

dTTP were expected to be M+2 labeled. Indeed, the detected 5-methyl-THF and dTTP were 

mostly M+2 labeled. However, methylene-THF was not labeled, indicating the methylene 

unit is exchanging during or after extraction (Figure 4b).

Similar results were obtained in cells fed [3-13C]-serine. Steady state labeling with [3-13C]-

serine resulted in M+1 labeling of intracellular serine (~ 60%) and did not label THF itself 

(which lacks a 1C unit and therefore should not be labeled). The observed 13C labeling of 

dTTP and methyl-THF matched that of serine, confirming that folates were being labeled 

intracellularly. However, 13C enrichment was not observed in methylene-THF, which 

provides the 1C unit in dTTP (Figure 4c). Thus, the methylene-THF 1C unit is subject to 

abiotic exchange with organic solvent, but intracellular reactions happen much faster than 

abiotic exchange.

To explore the abiotic 1C-unit exchange on methylene-THF, purified methylene-THF 

standard was dissolved in 50:50 2H-methanol:H2O containing 25 mM NH4OAc and 25 mM 

ascorbate. The standard became M+2 labeled in a time-dependent manner (Figure 4d). 

When 2H-formaldehyde was added to unlabeled methanol:H2O, the M+2 fraction of 

methylene-THF standard increased in a formaldehyde concentration-dependent manner 
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(Figure 4e). Thus, methylene-THF not only dissociates to THF and formaldehyde, but, even 

at low formaldehyde concentrations, can be formed by condensation of THF and 

formaldehyde. A typical contamination of 0.5 ppm formaldehyde (13 μM) in HPLC grade 

methanol (37) is more than 100-fold in excess of the THF concentration during a folate 

extraction from mammalian cells. In summary, methylene-THF is in abiotic exchange with 

THF and formaldehyde contaminant present in methanol.

4. Quantification of methylene-THF with NaBD3CN reduction

To circumvent the abiotic interconversion of THF and methylene-THF, we employed a 

chemical strategy to reduce methylene-THF to 5-methyl-THF during the cellular extraction. 

Initially, we tried adding 25mM NaBH4 into the extraction solvent at pH 10 to reduce 

methylene-THF (35), and observed effective reduction of methylene-THF standard. 

However, when we spiked standards of methylene-THF into the cell extract and performed 

the reduction, we only observed 50% conversion (see Electronic Supplementary Material 

(ESM) Fig. S1). We hypothesized that this reflected consumption of the reducing agent by 

reaction with other cell lysate components. Accordingly, rather than moving to a stronger 

reducing agent, we elected to test the less reactive NaBH3CN, in the hopes that it might 

more specifically react with the methylene-THF (Figure 5a). To further increase specificity, 

we also lowered the pH to 7.0. Under these conditions, the reaction went to completion 

within 5 minutes at 37 °C. To validate the effectiveness of the reduction approach, we 

performed the reaction on [3-13C]-serine labeled cells, and observed an increase in both 

labeled and unlabeled 5-methyl-THF (Figure 5b), indicating that we were effectively 

capturing biologically active methylene-THF. Thus the reduction reaction was rapid relative 

to the undesired abiotic interconversion, enabling methylene-THF to be accurately 

distinguished from THF despite their inherent chemical instability.

To discriminate between natural and synthetically generated 5-methyl-THF, we used 2H-

labeled reducing agent. NaBD3CN reduction results in multiple isotopically labeled forms of 

5-methyl-THF (Figure 5c). Using standards, we determined that methylene-THF was 

reduced primarily to M+1 5-methyl-THF, whereas methenyl-THF and dihydrofolate (in the 

presence of trace formaldehyde) were reduced to M+2 5-methyl-THF (Figure 5d). After 

correction for natural isotopic abundances, we assigned the respective M+0, M+1, M+2 

signals to endogenous 5-methyl-THF, methylene-THF reduction, and reduction of more 

oxidized folate species including methenyl-THF and dihydrofolate. The M+0 and M+1 

signal thus enable resolved quantitation of cellular THF and methylene-THF.

5. THF species pool sizes in HEK293T cells and effect of methotrexate

With our refined measurement techniques, we report the absolute concentrations in 

mammalian cells for five folate pools representing the three most important biological 1C 

unit oxidation states. These are: THF, methylene-THF, methenyl-THF/10-formyl-THF, 5-

formyl-THF, and 5-methyl-THF. We quantified the absolute concentrations of THF species 

corresponding to these five pools in growing HEK293T cells by spiking commercially 

available standards into cell lysates (Table 2, ESM Fig. S2). Specific measurement of 

methylene-THF pool was achieved by applying the NaBD3CN reduction method. Consistent 

with prior literature using microbiological (38, 39) and radioactive assays(40, 41), the total 
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pool of THF species was ~ 4 μM, and was relatively evenly spread between THF, 

methylene-THF, and the combined pool of methenyl-THF and 10-formyl-THF, with 5-

formyl-THF and 5-methyl-THF lower in abundance. We observed a lower concentration of 

5-formyl-THF in HEK293T cells than reported in either K562 or MCF7 cells (39, 40).

We also evaluated the changes in folate pool sizes induced by the common antifolate drug 

methotrexate. Methotrexate treatment (1 μM, 2 h) resulted in a 30-fold increase of DHF and 

3- to 12-fold decreases in different THF species (Figure 6), consistent with methotrexate 

inhibiting dihydrofolate reductase, its canonical target (42, 43).

Conclusion

Isotope tracers combined with LC-MS analysis are powerful tools for studying cellular 

metabolism. We developed an approach to measure both the concentrations and isotopic 

labeling of various THF species in mammalian cells. The use of isotopic tracers uncovered 

key abiotic interconversions among THF species that occur in biological samples after lysis 

(19). Such interconversions, which have likely impacted many prior folate analyses, allow 

only three different mixed 1C pools to be independently measured using standard LC-MS 

methods: THF/methylene-THF, methenyl-THF/formyl-THF, and methyl-THF. Through a 

NaBD3CN reduction strategy, we demonstrate a method to discriminate methylene-THF 

from THF and thus enable the accurate measurement of both species. Furthermore, by 

adding a brief heating step to eliminate residual enzymatic activity, we can differentiate the 

formyl-THF pool into 5-formyl-THF and combined methenyl-THF and 10-formyl-THF. 

Accordingly, we believe the best approach for folate measurement from mammalian cells 

involves the generation of two extracts, one being heated at 60°C for 5 minutes to eliminate 

residual enzymatic activity, and the other utilizing NaBD3CN in the extraction solvent. 

Common workup and LC-MS analysis of both of these extracts enables quantification and 

isotope tracing studies of five biologically important THF pools, encompassing all major 

biologically relevant 1C oxidation states. These methods should accelerate quantitative 

understanding of 1C metabolism, a topic of great current interest and enduring biomedical 

importance (10, 11, 44, 45).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tetrahydrofolate (THF) structure and interconversion
(a) Structure of tetrahydrofolate.

(b) Scheme of intracellular reactions, spontaneous reactions and chemical derivatization of 

THF species.
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Figure 2. LC-MS measurement of THF species from cultured cells
(a) Schematic of analytical workflow.

(b) Extracted ion chromatograms (indicated exact mass ± 10 ppm) of THF, methylene-THF, 

methenyl-THF, 5/10-formyl-THF and 5-methyl-THF.
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Figure 3. Residual enzymatic conversion of 5-formyl-THF to methenyl-THF in lysates
(a) Reaction schematic for methenyl-THF, 10-formyl- and 5-formyl-THF interconversion. 

The proton highlighted in red can exchange with H2O.

(b) Labeling kinetics of freshly dissolved unlabeled methenyl-THF standard incubated in 

D2O phosphate buffer (pH 7) at 4°C. To verify that 5-formyl-THF, unlike 10-formyl-THF, 

does not interconvert with methenyl-THF under these conditions, an identical experiment 

was performed with 5-formyl-THF standard (Mean ± SD, N = 3).

(c) Folate and metabolite labeling patterns after 24 h incubation of in HEK293T cells with 1 

mM [13C,2H]formate in the growth media (Mean ± SD, N ≥ 2).

(d) Conversion of 5-formyl-THF to methenyl-THF in cell extracts. HEK293T cell extracts 

were prepared as described in method, and optionally heated to 60°C for 5 min after addition 

(when indicated) of 4 pmol 5-formyl-THF standard (Mean ± SD, N = 3).
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Figure 4. Methylene-THF’s 1C unit exchanges with formaldehyde
(a) Reaction schematic for THF and methylene-THF interconversion. The methylene group 

highlighted in red can exchange with formaldehyde.

(b) Labeling patterns in HEK293T cells after 24 h incubation with [3-13C]serine. Note the 

lack of labeling of methylene-THF, despite labeling of its downstream products, indicative 

of label loss during the sample preparation process (Mean ± SD, N = 3).

(c) Labeling patterns in HEK293T cells after 24 h incubation with 1 mM [13C,2H]formate 

(Mean ± SD, N = 3).

(d) Labeling kinetics of freshly dissolved unlabeled THF or methylene-THF standard 

incubated in 1:1 H2O:[U-2H]MeOH at 4°C.

(e) Labeling pattern of freshly dissolved unlabeled methylene-THF standard incubated at 

4°C for 2 h in unlabeled H2O:MeOH with the indicated concentration of deuterated 

formaldehyde.
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Figure 5. Quantification of methylene-THF via NaBD3CN reduction
(a) Reduction of methylene-THF to 5-methyl-THF with NaBH3CN (or NaBD3CN). The 

hydrogen highlighted in red comes from the reducing reagent.

(b) Change in 5-methyl-THF signal upon NaBH3CN reduction of cell extracts.

(c) Change in 5-methyl-THF signal upon NaBD3CN reduction of cell extracts. Data in (b) 

and (c) are mean ± SD, N = 3.

(d) 5-methyl-THF labeling after NaBD3CN reduction of the indicated folate standards. DHF 

+ HCHO indicates DHF standard incubated with 0.1% unlabeled formaldehyde (Mean ± 

SD, N ≥ 2).
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Figure 6. 
Acute effect of methotrexate on cellular folates. HEK293T cells were incubated with 1 μM 

methotrexate for 2 h before extraction. Pool sizes are normalized to DMSO-treated control 

cells (Mean ± SD, N ≥ 3).
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