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Abstract

S-Adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) are important metabolites in 

the one-carbon cycle that modulates cellular methylation required for proliferation and epigenetic 

regulation. Their concentrations, synthesis, and turnover are difficult to determine conveniently 

and reliably. We have developed such a method by coupling a simple and rapid purification 

scheme that efficiently captures both compounds, with high sensitivity, sample throughput direct 

infusion nanoelectrospray ultra-high-resolution Fourier transform mass spectrometry (DI-nESI-

UHR-FTMS). This method is compatible with Stable Isotope-Resolved Metabolomic (SIRM) 

analysis of numerous other metabolites. The limits of detection for both SAM and SAH were < 1 

nM, and the linearity range was up to 1000 nM. The method was first illustrated for SAM/SAH 

analysis of mouse livers, and lung adenocarcinoma A549 cells. We then applied the method to 

track 13C1-CH3-Met incorporation into SAM and 13C6-glucose transformation into SAM and SAH 

via de novo synthesis. We further used the method to show the distinct effects on A549 and H1299 

cells with treatment of anti-cancer methylseleninic acid (MSA), selenite, and selenomethionine, 

notably SAM depletion and increased SAM to SAH ratio by MSA, which implicates altered 

epigenetic regulation.
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1. Introduction

Methionine is a sulfur-containing essential amino acid participating in the one-carbon 

metabolism (Figure 1), which continuously interconvert S-adenosylmethionine (SAM) and 

methionine [1–3]. The cycle begins with the generation of S-adenosylmethionine (SAM) 

from methionine, utilizing ATP as a co-substrate via methionine adenosyltransferase (MAT) 

[4–6]. SAM is biologically important in that it is a universal methyl donor in a wide 

range of methylation reactions and is the second most common cofactor after ATP in 

various enzymatic reactions [7]. The methyl group on the sulfur atom of SAM can be 

transferred to various substrates including DNA, RNA, proteins, glycine, polyamines, 

and phosphatidylethanolamine (PE) through a transmethylation reaction [3, 8]. SAM is 

thereby irreversibly converted to S-adenosylhomocysteine (SAH). SAH is then hydrolyzed 

to adenosine plus homocysteine by S-adenosylhomocysteine hydrolase. Homocysteine is 

either further converted to cysteine via the transsulfuration pathway or is remethylated 

by methionine synthase using 5-methyl-tetrahydrofolate (5-methyl-THF). This recycling of 

homocysteine is critical to regenerating methionine and maintaining the transmethylation 

cycles [9, 10].

The ratio of SAM to SAH, which is called “methylation index”, is physiologically important 

because it controls most biological methylation reactions including epigenetic DNA and 

histone methylation, which is central to regulating gene expression in both normal and 

disease states including cancers [11–13]. Increased SAM to SAH ratios have been associated 

with many diseases such as cardiovascular diseases, renal failure and liver diseases, where 
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protein methylation is altered. The SAM to SAH ratio in human serum has also been 

reported to be a sensitive indicator of atherosclerosis [10, 11, 14–17]. Therefore, by 

governing the methylation of various biomolecules, the ratio of SAM to SAH is closely 

linked to human pathophysiological conditions.

As SAH is typically found at a much lower level than SAM [18], and the ratio changes 

under pathological conditions, it is therefore important to measure both SAM and SAH 

accurately. Several methods have been developed for determining this ratio such as the 

fluorescence polarization immunoassay, colorimetric enzymatic methods [19–21], or liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS) based analysis [22–

26]. The former two methods lack selectivity or have poor reproducibility, while the LC-

MS/MS method coupled with the use of commercially available stable isotope-enriched 

standards is preferred due to its high selectivity, sensitivity, and accuracy as well as 

molecular structural determination, which makes it compatible with SIRM applications. 

However, the LC-MS/MS method is time-consuming, which makes it less compatible with 

high throughput applications and data analysis. A fast and robust sample preparation method 

coupled with direct infusion nanoelectrospray ultra-high-resolution Fourier transform mass 

spectrometry (DI-nESI-UHR-FTMS) is an attractive alternative method as high-resolution 

and mass accuracy data are acquired without physical separation for high-speed and robust 

metabolite analysis [27, 28].

Moreover, the ability of DI-nESI-UHR-FTMS to accurately measure isotopically enriched 

mass isotopologues makes it particularly suited for stable isotope-resolved metabolomics 

(SIRM) applications. SIRM is a powerful and rigorous approach for mapping metabolic 

networks in cells or tissues to uncover metabolic dysregulations induced by disease 

development or stressor treatments. It has been applied to most biosystems ranging from 

microbial systems to human subjects [29–31]. As SIRM relies on untargeted MS1 to obtain 

whole-metabolite isotopic incorporation, it depends on both accurate mass and ultra-high 

mass resolution to quantify as many metabolite isotopologues as possible. This, in turn, 

greatly benefits from long (many minutes) data acquisition times afforded by direct infusion 

than by LC (a few seconds). UHR-FTMS also enables analysis of multiple tracer atoms in 

the same or different metabolites for multiplexed SIRM applications [22, 32].

There have been a few studies that utilized direct infusion mass spectrometry to measure 

SAM and SAH [33], but none have been applied to analyzing isotope labeled SAM and 

SAH resulting from metabolism. The latter applications have a much higher sensitivity 

requirement due to the distribution of mass signals into various isotopologues. In this study, 

we describe a simple, rapid, and highly sensitive method for SAM and SAH analysis 

for cells and tissues by coupling phenylboronic acid (PBA) affinity capture with DI-nESI-

UHR-FTMS. The method is fully compatible with comprehensive profiling of metabolites 

using methods such as ion chromatography-UHR-FTMS. We have applied this method to 

SAM/SAH analysis of mouse livers and lung adenocarcinoma A549 or H1299 cells. We 

further used the method to track 13C incorporation into SAM and SAH in A549 cells treated 

with 13C1-CH3-Methionine or 13C6-glucose, and to probe the distinct effect of anti-cancer 

selenium treatments in A549 and H1299 cells.
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2. Experimental

2.1 Materials and reagents

HPLC grade ammonium acetate, acetonitrile, methanol, formic acid, acetic acid, 28% 

ammonia solution, and chloroform were purchased from Sigma Aldrich (St. Louis, MO, 

USA). Bond-Elut SPE phenylboronic acid (PBA) columns were ordered from Agilent 

Technologies (Santa Clara, CA, USA). Unlabeled SAM and SAH standards were obtained 

from Fisher Scientific (Pittsburgh, PA, USA). 2H3-SAM was purchased from Medical 

Isotopes, Inc. (Pelham, NH, USA) and 2H4-SAH was obtained from Cayman Chemical 

(Ann Arbor, MI, USA).

2.2 Cell culturing, treatment, and extraction

A549 or H1299 human lung adenocarcinoma cells (American Type Culture Collection 

(Rockville, MD)) were cultured in DMEM (pH 7.4) supplemented with 10% v/v fetal bovine 

serum, 3.7 g L−1 sodium bicarbonate, 0.2% Glucose, 2 mM Glutamine and 1x Penicillin-

Streptomycin (complete DMEM) and maintained at 37 °C in a 5% CO2 humidified 

atmosphere. Cells were lifted using TripLE (GIBCO, Life technologies, NY) and reseeded at 

a density of 8.7×105 cells/10 cm plate allowing 60% confluency in 24 hours. For the SIRM 

experiments, A549 cell media were changed to complete DMEM with glucose replaced 

by 13C6-glucose (0.2% w/v) or with the addition of 13C1-CH3-methionine (0.2 mM). The 

cells were also grown in parallel using unlabeled media. For the experiment on treatment 

with seleno compounds, A549 or H1299 cell media were changed to vehicle (Ctl), 5 μM 

methylseleninic acid (MSA), 6.25 μM selenite (SeO3), or 0.5 mM selenomethionine (SeM), 

which are the IC50 concentrations for A549 cells under these conditions ([34, 35] and 

unpublished data). The MSA medium was renewed after 12 h of treatment due to rapid 

metabolic degradation. After 24 hours, cells were quenched, polar metabolites extracted as 

described previously [36]. One eighteenth of the polar extracts lyophilized, dissolved in 0.5 

mL 20 mM ammonium acetate (pH 7.4), and processed through PBA columns as described 

below.

2.3. Mouse liver extraction

Flash-frozen mouse liver tissues were pulverized under liq. N2 and ca. 6–8 mg by wet 

weight was extracted for polar metabolites, as previously described [37]. One eighth of 

the polar extracts was lyophilized and dissolved in 0.5 mL 20 mM ammonium acetate for 

processing through PBA columns as described below.

The procedure to simultaneously quench, lyse, and extract polar metabolites from cells and 

tissues was as previously reported [38]. Briefly, the metabolism of cells or tissues was 

quenched and cell lysed with 1 mL of cold CH3CN (stored at −20°C) before 0.75 mL of 

Nanopure water and 1 mL of cold CHCl3 was added in a final CH3CN:H2O:CHCl3 ratio 

of 2:1.5:1 (v/v). The polar, non-polar, and insoluble proteinaceous fractions were recovered. 

The polar fraction was aliquoted, lyophilized, and stored at −80 °C before processing for 

SAM/SAH analysis. The protein fraction was solubilized in 62.5 mM Tris + 2% SDS + 

1 mM dithiothreitol (pH 6.8) for protein determination using the BCA method (Pierce 

Chemicals).
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2.4. Human plasma sample collection and preparation

Blood was collected into a purple top vacutainer containing K2-EDTA from two healthy 

volunteers (UK094, female and UK168, male) and a patient with (JK016) with intraductal 

papillary mucinous neoplasms (IPMN) according to approved IRB protocols (IRB #43807 

and 48495). Blood samples were placed on ice immediately after collection, centrifuged 

within 30 min of collection at 3,500×g for 15 min at 4°C as described previously [39]. The 

plasma was then immediately acidified with 9 μL of 5 M acetic [26] or 4.5 μL formic acid 

per mL of plasma to stabilize SAM (final pH =4.5–5). Acidified plasmas were frozen in 

liquid N2 and kept at −80°C. For extracting SAM and SAH, 10 μL of 2H3-SAM (0.115 μM) 

and 2H4-SAH (0.167 μM) was added to the thawed acidified plasma before neutralization to 

pH 7–7.5 with 1 M NH4OH and 225–490 μL of which was immediately processed with PBA 

columns as described below.

2.5 PBA based-solid phase extraction for SAM and SAH

Bond-Elut PBA columns were used to capture SAM and SAH from polar extracts. The 

column was custom-made to have low sorbent mass (50 mg) in a 1 mL column to reduce 

the elution volume. Binding and elution were carried out essentially as described previously 

[24, 26, 40], but with the following modifications. The PBA column was acidified with 0.1 

M formic acid (1 mL) before conditioning with 20 mM ammonium acetate (pH 7.4) solution 

(1 mL, 2 times). Plasma as is or reconstituted polar extract in 0.5 mL 20 mM ammonium 

acetate was applied to the conditioned column. The column was washed with 1 mL of 20 

mM ammonium acetate for cell/tissue extracts or 2×1 mL of ammonium acetate for plasma 

samples to remove salts. Bound analytes were eluted using 200 μL of 0.1 M formic acid, 

which was repeated five times using the same eluate to result in a final collected volume 

of ca 200 μL. 2H4-SAH (16.7 nM) and 2H3-SAM (11.5 nM) were added to final eluates of 

cell/tissue extracts before dilution 1:1 with methanol containing 0.25 % formic acid (v/v) for 

DI-nESI-UHR-FTMS analysis. Eluates of plasma samples were lyophilized, resuspended in 

15 μL of water and 10 μL of which was diluted to 50 μL with methanol + 0.25 % formic 

acid for DI-nESI-UHR-FTMS analysis. The final concentration for 2H4-SAH and 2H3-SAM 

in the spray solution was 22.3 and 15.4 nM, respectively.

2.6 DI-nESI-UHR-FTMS analysis of SAM/SAH and data processing

Samples were introduced using the nanoelectrospray TriVersa NanoMate (Advion 

Biosciences, Ithaca, NY, USA) with +1.45 kV electrospray voltage and 0.6 psi head 

pressure. UHR-FTMS data were collected on an Orbitrap Fusion Lumos Tribrid mass 

spectrometer (Lumos) from Thermo Scientific (San Jose, CA, USA) with 1,000,000 

resolving power (at 200 m/z) in positive ion mode. Three different scan modes were used 

for data collection. MS1 full scans were acquired using 2 microscans per scan in the 

m/z range of 150 to 1000; SIM scans were obtained to include m/z 399.1445 for SAM 

(C15H22N6O5S, [M+H]+) and m/z 385.1289 for SAH (C14H20N6O5S, [M+H]+) with 25 

m/z isolation windows and 1 microscan per scan. Spectra were acquired over a continuous 

infusion period of 5–10 minutes, and spectra that exceeded a threshold were averaged. This 

process increased both signal to noise ratio and the mass accuracy, while removing low 

intensity scans that could impact quantification using peak area (ion intensity). The absolute 
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quantification was achieved by referencing to the ion intensity of internal deuterated 

standards.

The SIM m/z windows were chosen to accommodate all possible 13C isotopologues. The 

MS2 scans were collected via quadrupole isolation using 0.5 m/z isolation window and HCD 

(High Energy Collision Dissociation) set at 30 % collision energy with 100,000 or 500,000 

resolving power to confirm standards and isotope labeled SAM and SAH. The AGC target 

was 105 with a maximal 1000 ms injection time for both MS1 and MS2 scans. The data 

collection time for MS1 and MS2 scans was 10 and 3 minutes, respectively.

The linearity of SAM/SAH analysis was performed by diluting a 10 μM standard mixture 

to concentrations ranging from 25 to 1000 nM using 50% methanol containing 0.1% formic 

acid. The UHR-FTMS analysis for each standard sample was repeated three times to check 

for precision.

Limits of detection were assessed by the apparent signal to noise ratio at the accurate mass 

with 1 ppm mass error for SAM and SAH, using a value of 5X above background noise (for 

detection) and 10X for the limit of quantification.

For data processing, the exact (accurate mass) m/z values and peak intensities were 

exported as an Excel file. Then, isotopologues of SAM and SAH were assigned using an 

in-house software PREMISE (PRecalculated Exact Mass Isotopologue Search Engine) [41] 

by matching theoretical m/z values against detected m/z values. The raw, observed m/z value 

was compared to the theoretical m/z values of SAM and SAH within a 0.002 m/z window 

for assignment; when internal standards were used, the resulting m/z correction resulted in a 

0.001 m/z window- matching criterion. The peak intensity of all assigned isotopologues was 

corrected for natural abundance [42] to determine isotopic enrichment.

2.7 Ion chromatography-UHR-FTMS

Polar fractions of A549 cells were concentrated by nitrogen flushing using Evaporex® 

microplate evaporators (Apricot Designs, Covina, CA, USA). Typically 10% of total 

polar extracts (ca. 150 μL) were placed in the wells of 96-well plates and evaporated 

by continuous nitrogen flow (45 L min−1) at 40 °C for 20 minutes, which concentrated 

the analytes by 3–4 fold. The concentrates were the analyzed as previously described 

[36] by IC-UHR-FTMS using a Dionex ICS-5000+ ion chromatograph connected to an 

Orbitrap Fusion Tribrid mass spectrometer (ThermoFisher) operated in negative ion mode. 

A Dionex IonPac AG11-HC-4 μm reagent-free ion chromatography and high pressure ion 

chromatography guard column (2 × 50 mm) was connected prior to anionic Dionex IonPac 

AC11-HC 4 μm RFIC&HPIC (2 × 250 mm) column. The mass resolution was set to 500,000 

(FWHM at m/z 200). Peak areas and 13C isotopologues of metabolites were determined 

using TraceFinder 3.3 (Thermo) and were corrected for natural abundance distribution for 

each isotopologue [36].
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3. Results & Discussion

3.1 DI-nESI-UHR-FTMS analysis of SAM and SAH standards

Figure 2a shows UHR mass spectra of standard SAH, SAM and the deuterium-labeled 

standards recorded with 10 min of signal averaging at a mass resolution of 1 million (at 

200.0 m/z). The theoretical m/z values of proton adducts of SAH and SAM are 385.12887 

and 399.14451 and in this case the observed m/z values were 385.12867 and 399.14427 

respectively. The mass error of both SAM and SAH ions was 0.6 ppm, which was the 

same mass error for the 2H3-SAM and 2H4-SAH standards (Table 1). These deuterated 

external standards were well-resolved from the 13C isotopologues of SAM and SAH in 

A549 cell extracts that had the same number of 13C as that of 2H atoms (Fig. 3a and 

b), which make them suitable for use in quantification for SIRM studies. In addition, 

as the resolution of FTMS was increased from 120,000 to 106 (Fig. S1), the natural 

abundance M+1 13C isotope of SAM (m/z=400.14691) was progressively separated from 

other unknown peaks. These data showed that it is crucially important to use UHR-FTMS 

to quantify labeled metabolites from crude extracts, including sample introduction via direct 

infusion. To confirm the structures and define the fragmentation patterns that are important 

for isotopomer analysis in SIRM experiments (see below), MS2 spectra of each standard 

were analyzed at 120,000 resolution with 30% HCD and shown in Fig. 2b and c for SAH 

(385.1287 m/z) and 2H4-SAH (389.1537 m/z), respectively. Several major fragment ions 

showed 4 Da differences between unlabeled and labeled SAH but the 136.06 m/z fragment 

ion did not, which corresponds to the adenine group released by cleavage at the glycosyl 

bond. Fig. S2a and b shows the MS2 spectra of SAM (399.1443 m/z) and its 2H3 standard 

(402.1631 m/z). Unlike the fragmentation patterns for SAH, only one minor fragment ion 

showed 3 m/z differences between SAM (298.10) and 2H3-SAM (301.11) as the major 

fragment ions did not contain the C2H3 group.

We also determined the linear range of the MS response for SAM and SAH standards for 

optimizing of the SIRM analysis. As shown in Table S1 and Fig. S3, both SAM and SAH 

showed a good linear and reproducible response over the range of 25 to 1000 nM. The 

detection limit was somewhat better than published LC/MS methods [22, 43], illustrating 

the high sensitivity of UHR-FTMS along with its higher sample throughput. Together with 

the low coefficient of variation, this new method enabled rapid and reliable quantification of 

SAM and SAH.

3.2 Optimization of extraction conditions for A549 cells

It is crucially important to minimize the salt content in polar biological extracts to maintain 

stable electrospray ionization using direct infusion MS [28]. We took two simple measures 

to reduce the salt content in A549 cell extracts for SAM and SAH analysis. One is to 

perform a quick Nanopure water rinse of the cell culture before extraction. The other 

is to capture SAM and SAH by a PBA column via interaction of SAM/SAH’s vicinal 

cis-diol group with PBA at neutral pH, followed by wash with ammonium acetate, elution 

with volatile formic acid, and lyophilization to remove formic acid. Similar PBA cleanup 

methods have been used by other researchers for SAM and SAH analysis [24, 26, 40]. We 
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found that the electrospray ionization stability was significantly improved with this desalting 

approach (data not shown).

As SAM has been reported to be unstable at pH above 6.0 [44], the effect of pH on cell lysis 

and extraction was also evaluated. Simultaneous cell lysis and extraction was performed in 

aqueous 60% CH3CN containing 18 MOhm deionized water, 0.01 M formic acid, and 0.1 

M formic acid. The pH of the final extracts were 6.0, 5.0, and 3.5 respectively. Fig. S4a to 

c show the MS1 spectra of SAM from these polar extracts of A549 cells, which showed the 

lowest MS intensity for the extract at pH 3.5. We have also performed lysis and extraction 

at pH 1.5 by adding 0.05 M HCl, but the MS intensity of SAM was no higher than that 

at pH 5 (data not shown). Although the SAM stability is known to be greater in acidic 

conditions than at neutral pH, we found that moderately acidic conditions (pH 5.0 to 6.0) 

for recovering SAM from A549 cell were better suited for DI-nESI-UHR-FTMS analysis. 

SAH also displayed the lowest MS intensity at pH 3.5, followed by pH 5.0 and 6.0 (Fig. 

S4). There appeared to be some advantage to extraction at pH 5.0 for SAM analysis but the 

number of metabolites analyzable by IC-UHR-FTMS was lower at pH 5 than at pH 6 (see 

below). Using the external standards, we determined recoveries of 93± 4% for SAH and 91± 

2.5% for SAM at pH 6.

Our goal is to have a lysis/extraction method that not only reliably recovers SAM and SAH 

but also many other metabolites in SIRM experiments. We analyzed the A549 extracts at the 

three different pH’s by IC-UHR-FTMS to determine the number of assignable metabolites. 

Table S2 lists the peak areas of metabolites detected in the negative ion mode. The number 

of negatively charged metabolites was highest for pH 6 (123), followed by pH 5 (117) and 

pH 3.5 (78) extractions, due at least in part to the instability of some metabolites (e.g. ATP, 

fructose-1,6-bisphosphate) at lower pH values. Thus, 60% CH3CN in Nanopure water (pH 

6) was chosen for recovering SAM/SAH from biological systems (except for plasma) for 

DI-nESI-UHR-FTMS analysis. It should be noted that this lysis/extraction method has been 

used by us in most of our SIRM studies [28, 45, 46].

In addition to SAM and SAH, other metabolites that contain vicinal hydroxyls are expected 

to be retained on the PBA column. Table S2 shows a total of 35 such quantifiable analytes in 

the pH 6 eluate of the PBA column including nucleotides (e.g. AMP) and several 2-hydroxy 

acids (e.g. 2-hydroxyglutarate).

3.3 Quantification of SAM and SAH in mouse liver tissue and human plasma

We applied the above optimized method to analyze SAM and SAH in mouse liver tissue 

extracts. Fig. 4a shows a MS1 spectrum acquired over 4 minutes of infusion of a 1/8 fraction 

of polar extract from about 8 mg wet weight of mouse liver tissue. The MS intensity of 

SAM (3.1.5e3) and SAH (5.5e3) was higher than that of the spiked external standards 

and well-resolved from other unknown peaks in full scan mode (384–403 m/z shown). 

Note the extremely small deviation from theoretical m/z for uncorrected spectra, in each 

case < 0.0004 m/z. Repeated analyses showed the concentrations of SAM and SAH in the 

polar extract of this mouse liver tissue were 0.254 μM and 0.117 μM, respectively, which 

corresponded to 0.052 and 0.023 μmole g−1 protein and a SAM/SAH ratio of 2.3. The 

Yang et al. Page 8

Anal Chim Acta. Author manuscript; available in PMC 2022 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



recoveries determined by spiking of external standards were 89±1.5% for SAH and 89±6% 

for SAM.

For the human plasma samples (Figure 4b), both SAM and SAH were readily observed in 

the full scan mode spectrum. Here again, note the extremely small deviation from theoretical 

m/z for the uncorrected spectra, in each case < 0.0002 m/z. Table S3 lists the plasma 

concentrations of SAM and SAH for two healthy and one IPMN patient volunteers. Previous 

studies have reported the concentration of SAM and SAH in healthy human plasma to be 

in the nanomolar range (50 to 155 nM for SAM) using LC/MS or ELISA methods [26, 43, 

47]. Our analysis showed that the SAM concentration of the healthy subjects was at the 

low end of the literature range while that of one IPMN patient was much above the range. 

Our analysis also showed that SAH was below detectable limits in the two healthy plasma 

samples and the SAM/SAH ratio for the IPMN patient was 71, which was much higher than 

the literature range for healthy adults (2.7–12.4) [26]. As SAH is an indicator of not only 

SAM metabolism but also a principal degradation product of SAM due to sample handling 

and processing, this lack of detectable SAH (i.e. below the sub nM detection limit) in our 

healthy plasma samples indicates very low SAM breakdown resulting from sample handling. 

Whether the abnormally high SAM concentration in the IPMN patient is representative of 

this disease awaits further investigation.

3.4 SAM/SAH synthesis from 13C6 glucose and 13CH3-methionine in A549 cells.

To demonstrate the method for tracking newly synthesized SAM and SAH in cell cultures, 

we incubated A549 cells for 24 hours in media containing 13C6 glucose, 13CH3-methionine, 

or the unlabeled counterparts. The average total abundances of SAM and SAH were 

determined to be about 1.5 and 0.35–0.5 μmol g−1 protein, respectively, with a SAM to 

SAH ratio of 2.9–4.5 (Table S4).

We also determined the fractional enrichment of different isotopologues of SAM, SAH, 

and ATP as well as their PPP precursors (analyzed by IC-UHR-FT-MS) with each tracer 

treatment and corrected for natural abundance [42] as shown in Fig. 5. With 13C6-glucose 

as tracer (Fig. 5A), the most abundant 13C isotopologues for the PPP metabolites were the 

uniformly 13C labeled species (e.g. 5 or 13C5-R5P in c and 7 or 13C7-S7P in d), as expected 

from the atom-resolved pathway tracing. Also consistent with the pathway tracing was the 

significant presence of species such as 13C2-/13C5-S7P and 13C4-/13C5-F6P (f). 13C5-R5P 

was then converted to 13C5-PRPP (g) before incorporation into ATP (h), SAM (i), and SAH 

(j). Thus, the predominant 5 isotopologue in ATP/SAM/SAH is consistent with the high 

extent of 13C5-ribose incorporation, which we have shown for ATP previously [48]. Less 

abundant isotopologues of the three metabolites but present significantly were the 13C6- (6) 

and 13C7- (7) species, which represents 13C1- and 13C2-adenine (generated via one-carbon 

metabolism) plus 13C5-ribose. This 13C labeling pattern of ATP in 13C6-glucose-grown 

A549 cells recapitulated that in our previous study [28]. In SAM, the higher ratio for the 

fractional enrichment of the 13C6- (6) over 13C7- (7) isotopologue than that in ATP (Fig. 5B) 

could be accounted for by the contribution of the 13CH3 + 13C5-ribose (in addition to the 
13C1-adenine + 13C5-ribose) species to the 6 isotopologue in SAM.
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In comparison, with 13CH3-methionine as tracer, SAM (a) but not SAH (b) showed 

significant 13C1 labeling, i.e. ca. 50% in fractional enrichment (Fig. 5C), which was 

comparable to that of methionine supplied in the medium. This indicates an efficient 

conversion of exogenous methionine to SAM presumably via the action of methionine 

adenosyltransferase (MAT) and loss of the 13CH3 group in SAH via the action of 

methyltransferases in A549 cells.

To confirm the position of incorporated 13C in SAM and SAH, we acquired and analyzed 

the MS/MS patterns of m0, m1, and m5 ions of SAM. Fig. 6a shows the tandem mass 

spectrum of the m0 ion. The three most abundant ions at m/z 250.09, 136.06, and 102.06 

corresponded respectively to (i) the product of cleavage at the S-methionine to C5-ribose 

bond to release adenosine, (ii) that at the N9-adenine to C1-ribose bond to release adenine 

and (iii) that at the S to C4 bond of methionine to release 2-aminobutanoate. The other 

product ions at m/z 150.05, 264.09, and 298.10, have relatively lower intensities. In the 

tandem mass spectrum of m1 SAM (Fig. 6b), the m/z values of fragment ions containing 

the methyl-group of SAM were +1 m/z shifted (298.10->299.10, 150.05 ->151.05, and 

264.09->265.09), which confirmed 13C labeling at the methyl position of SAM with 13C1-

methionine as tracer. With 13C6-glucose as tracer, the m5 ion of SAM in Fig. 6c yielded 

ribose-containing fragment ions that were +5 Da shifted (298.10 -> 303.10, 250.09 -> 

255.11, and 264.09 -> 269.09). These data confirmed the m5 ion to arise from 13C5-ribose 

of the adenosyl subunit of SAM. Thus, SAM and SAH analysis using the new method 

demonstrated efficient SAM synthesis from methionine and de novo synthesis of SAM/SAH 

from glucose in A549 cells.

3.5 Cell line-dependent perturbations of SAM/SAH levels and ratios by MSA, selenite, and 
SeM treatments

We further demonstrated the new method by analyzing the effect of three different anti-

cancer selenium agents (MSA, SeO3, and SeM) on SAM and SAH status in two lung 

adenocarcinoma (A549 and H1299) cell lines. Figure 7a shows the depleting effect of the 

three agents on SAM and SAH levels in A549 cells, which was similarly observed in 

H1299 cells except for the SeO3 treatment (Fig. 7c). This effect could result from decreased 

synthesis and/or increased utilization of SAM and SAH. However, SAM depletion without 

the buildup of the product SAH is more consistent with a block in SAM synthesis, which 

is corroborated by the attenuating effect of SeO3 [34] and MSA [49] on the synthesis of 

SAM’s precursor, ATP in A549 cells. In contrast, the SAM to SAH ratio was unaltered in 

all but one case, i.e. it more than doubled in MSA- versus in control-treated A549 cells 

(Fig. 7b, d). This increase in SAM to SAH ratio despite the depletion of SAM levels in 

A549 cells points to an inhibition of the methyltransferases that catalyze DNA/RNA/protein 

methylation (cf. Fig. 1), besides the block in SAM synthesis. In addition, the buildup of 

SAM with the lack of change in SAM to SAH ratio in SeO3-treated H1299 cells (Fig. 7c, d) 

suggests activation of SAM synthesis. Pending further confirmation, the SAM/SAH analysis 

using our new method revealed cell line- and Se form-dependence in perturbing one-carbon 

metabolism in lung cancer cells.
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4. Conclusions

We have developed a rapid, sensitive, and robust method for SAM and SAH analysis 

in biological extracts by coupling PBA affinity capture with DI-nESI-UHR-FTMS, that 

supports metabolic tracing using 13C (SIRM). As the lysis/extraction solvent system 

(CH3CN in mildly acidic Nanopore water) used to efficiently recovered SAM/SAH was 

the same as that for extracting polar metabolites in general, this method is compatible with 

comprehensive metabolite profiling studies including SIRM applications. This is an added 

advantage over the existing methods that call for extensive sample acidification, which leads 

to degradation of acid-labile metabolites. In addition, harnessing UHR-FTMS to resolve 

the same number of 13C from 2H labels in SAM and SAH enabled the use of 2H-labeled 

external standards for reliable quantification of SAM/SAH in complex biological matrices 

including those containing 13C labeled metabolites. We first demonstrated the utility of 

the method on SAM/SAH quantification in mouse liver, A549 cells, and human plasma 

samples. Then, we applied the method to track 13C incorporation from 13C1-methionine and 
13C6-glucose into SAM and SAH in A549 cells via the MAT activity and the PPP-purine 

nucleotide synthesis pathway, respectively. Moreover, we used the method to discover that 

MSA may block both SAM synthesis and its use in methylation reactions. Thus, the new 

method is applicable to both high throughput and tracer-based metabolic pathway analysis 

for SAM and SAH, thereby facilitating the understanding of epigenetic metabolism and 

regulation.
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SAH S-adenosylhomocysteine

SAM S-adenosylmethionine

SeM selenomethionine

SIRM stable isotope-resolved metabolomics

THF tetrahydrofolate
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Figure 1. Inter-conversion of SAM and SAH in the transmethylation cycle.
SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; THF, tetrahydrofolate; 5-

methyl THF, 5-methyltetrahydrofolate.
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Figure 2. Ultrahigh resolution mass spectra of SAM and SAH
Standards and deuterated versions were prepared and introduced into the Orbitrap as 

described in Experimental. a) MS spectrum of S-adenosylmethionine (SAM, 399.1443 

m/z), S-adenosylhomocysteine (SAH, 385.1287 m/z), 2H3-labeled SAM (402.1631 m/z), 

and 2H4-labeled SAH (389.1537 m/z) standards; b) MS2 spectrum and structure of SAH 

with bond cleavages and resulting mass fragments; c) MS2 spectrum of 2H4-labeled SAH 

with bond cleavages and the resulting mass fragments.
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Figure 3. MS spectra of 2H standards of SAH and SAM added to A549 cell extracts containing 
13C-labeled SAH and SAM.
Sample preparation, experimental condirions and analyses were as as described in 

Experimental.
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Figure 4. MS1 spectra of SAM and SAH from mouse liver extract and human plasma, with 
internal standards SAM-2H3 and SAH-2H4.
Samples were prepared as described in the Experimental. a) Mouse liver extract spectrum 

comprising 69 FT spectra from over approx. 4 min acquisition under full scan MS1 100–

1000 m/z at 1M resolution setting and divided by the number of summed scans to provide an 

average. The averaged peak intensity or area is normalized to that of the internal deuterated 

standard to determine the concentration. The region displayed is 384 – 403 m/z and the 

insets show 0.02 m/z windows for greater detail. Errors stated are accurate mass errors 

from theoretical m/z values. b) Human plasma spectrum of a pancreatic cancer patient. The 

spectrum comprises 82 spectra averaged over approx. 9 min acquisition under full scan MS1 

150–1000 m/z at 1 M resolution setting. The averaged intensity is normalized to that of the 

internal deuterated standard to determine the concentration. The region displayed is 384 – 

403 m/z and the insets show 0.02 m/z windows for greater detail. Errors stated are accurate 

mass deviation from theoretical m/z values.
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Figure 5. 13C Isotopologue distributions of SAM, SAH and their precursors in A549 cells grown 
on 13C6-glucose or 13CH3-methionine
A549 cells were grown under standard conditions in media containing no 13C-enriched 

tracers, 13C6-glucose (13C6-Glc) or 13CH3-methionine (13CH3-Met) as described in 

Experimental. The tracer experiments were done with n=3 and unlabeled experiment with 

n=2. Values on the X-axis denote the number of 13C for each isotopologue. SAM and SAH 

were measured using the described method, and other metabolites were measured using the 

method described in ref 36.

a. Fractional distribution of metabolite isotopologues in the pentose phosphate 

pathway (PPP) and those of the downstream products phosphoribosyl 

pyrophosphate (PRPP), ATP, SAM, and SAH in 13C6-glucose grown 

samples. The atom tracing scheme depicts the more abundant isotopologue 

species resulting from the transformation of 13C6-Glc via the PPP. 

G6P: glucose-6-phosphate; 6PG: 6-phosphogluconate; R5P: ribose/ribulose-5-

phosphate; X5P: xylulose-5-phosphate; S7P: sedoheptulose-7-phosphate; 

E4P: erythrose-4-phosphate; F6P: fructose-6-phosphate; G6PDH: glucose-6-

phosphate dehydrogenase; 6PGDH: 6-phosphogluconate dehydrogenase; TK: 

transketolase; TA: transaldolase.

b. Ratio of the 13C6- to 13C7-isotopologues of ATP and SAM derived from 13C6-

Glc. A higher ratio in SAM than that in ATP reflect 13C labeling in the methyl 

group of SAM. ***: p-value 0.0012

c. Fractional distribution of isotopologues of SAM and SAH in 13CH3-Met grown 

samples.
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Figure 6. MS/MS spectra of SAM from A549 cells exposed to 13C6-glucose or 13C1-CH3- 
methionine
Cells were grown as described for Figure 5.

a. MS/MS of m0 isotopologue of SAM (399.1443 m/z) from an unlabeled sample

b. MS/MS of m1 isotopologue of SAM (400.1479 m/z) from a 13C1-methionine 

labeled A549 cell extract,

c. MS/MS of m5 isotopologue of SAM (404.1613 m/z) from a 13C6-glucose 

labeled A549 cell extract.

Data were acquired at a setting of 500 K mass resolution with 10 μscan/scan. Asterisks(*) 

represent 13C.

Dashed arrows represent the fragmentation positions giving rise to the observed m/z.
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Figure 7. Cell line-dependent perturbations of SAM/SAH levels and ratios by MSA, selenite, and 
SeM treatments.
A549 (a,b) and H1299 (a,b) cells were treated with 5 μM MSA, 6.25 μM selenite, or 0.5 

mM SeM for 24 h (n = 3), extracted for polar metabolites, and analyzed for SAM/SAH as 

described in Experimental. ■: SAH; ■: SAM; ■: SAM/SAH ratio.
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Table 1.

Chemical formula, theoretical and observed m/z ([M+H]+) values, and mass error of SAM, SAH and their 

isotopically enriched standard in Fig. 2a.

Formula Theoretical mass (m/z), [M+H]+ Observed mass (m/z), [M+H]+ Mass error (ppm)

SAM C15H22N6O5S 399.14451 399.14427 −0.6

D3-SAM C15H19D3N6O5S 402.16335 402.16309 −0.6

SAH C14H20N6O5S 385.12887 385.12862 −0.6

D4-SAH C14H16D4N6O5S 389.15397 389.15372 −0.6
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