
RESEARCH ARTICLE

Sodium butyrate is incorporated into central

metabolism in fly head while inducing oxygen

consumption increase

Annika Müller-Eigner1, Benedikt Gille1, Frederik Dethloff2, Chen Meng3,

Christina Ludwig3, John T. HeikerID
4, Patrick Giavalisco2, Shahaf PelegID

1*

1 Research Group Energy Metabolism and Epigenetics, Research Institute for Farm Animal Biology (FBN),

Dummerstorf, Germany, 2 Max Planck Institute for Biology of Ageing, Cologne, Germany, 3 Bavarian Center

for Biomolecular Mass Spectrometry (BayBioMS), School of Life Sciences, Technical University of Munich,

Freising, Germany, 4 Helmholtz Institute for Metabolic, Obesity and Vascular Research (HI-MAG) of the

Helmholtz Zentrum München at the University of Leipzig and University Hospital Leipzig, Leipzig, Germany

* peleg@fbn-dummerstorf.de

Abstract

Butyrate has been proposed as a drug therapy by acting as a lysine deacetylase (KDAC)

inhibitor and elevating protein acetylation, in particular on histones. Nonetheless, recent

studies suggest that tissues such as the gut can utilize butyrate as a metabolite. We have

previously shown that the addition of butyrate induces a rapid increase of oxygen consump-

tion in whole Drosophila melanogaster heads. Here we show that while head oxygen con-

sumption is increased by the addition of butyrate, no apparent changes are observed on the

proteome and acetylome. Instead, we show that butyrate is metabolized and incorporated

into the tricarboxylic acid (TCA) cycle. Collectively our data supports the notion that the ther-

apeutic benefits of acute butyrate treatment may be also mediated by improving metabolic

rates, rather than solely targeting the epigenome or acetylome.

Introduction

Chromatin remodeling is a key mechanism, which enables living cells to react and adjust to

changes in the environment. One core mechanism to modulate the chromatin is the modifica-

tion of histones, a set of proteins that tightly interacts and packages the DNA [1–3]. Modifica-

tion of histones by small metabolites lead to alterations in the binding between histone and

DNA, resulting in fine-tuning of transcription [4, 5]. One of the most studied modifications of

histone proteins is histone acetylation, which is commonly associated with reduced histone-

DNA interaction that leads to increased transcription activity [6–9].

Dysregulation of chromatin remodeling during disease and aging has attracted consider-

able attention in the recent two decades. For example, the observation that histone acetylation

levels are altered during aging and maladies such as neurodegeneration and Alzheimer’s dis-

ease has led to identifying histone acetylation as an important target [10]. Indeed, the inhibi-

tion of histone deacetylases (HDACs) by drugs such as suberoylanilide hydroxamic acid

(SAHA), butyrate and others has been shown to improve age-associated memory formation
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deregulation, neurodegeneration, muscle function and related metabolism, heart diastolic dys-

function and others in mice [11–13]. Therefore, a strong link between inhibiting histone dea-

cetylases (HDACs), increased histone acetylation and disease therapy was suggested.

Nonetheless, there is growing evidence in recent years that many non-histone proteins are

acetylated as well [9, 14–17]. These proteins are involved in various cellular pathways. Of note,

HDACs were shown to be able to deacetylate many of these non-histone proteins and thus

were more accurately termed lysine deacetylases (KDACs) [16]. As such, it is possible that

KDAC inhibitors (KDACi) could impact a myriad of non-epigenetic pathways.

Previously, we have shown that sodium butyrate (SB) induces rapid and transient oxygen

consumption increase in the heads of Drosophila melanogaster while other work showed similar

induction in colon-derived cell lines [18]. The rapid increase was detected already after several

minutes, suggesting that it may be too rapid to be dependent on new gene transcription follow-

ing protein translation that is mediated by histone acetylation changes [19]. Interestingly, previ-

ous studies have shown that butyrate can induce increased non-histone protein acetylation [17].

As many of these acetylated proteins are known to be metabolic enzymes, we hypothesized that

butyrate may cause an increase in the acetylation levels of metabolic proteins, which may under-

lie the observed rapid increase in oxygen consumption rate (OCR). We expected that butyrate

will impact the levels of metabolites associated with mitochondrial oxygen consumption.

Results

Oxygen consumption assessment in fly heads

We have previously measured the impact of SB on OCR in a Seahorse X24 analyzer [20–22].

In the present study, we first re-assessed the kinetics of SB-induced OCR increased using the

new Seahorse XFe24 analyzer with improved sensor capacity. Furthermore, we improved the

pH adjustment of media containing SB/vehicle (see methods). We also tested lower and higher

concentrations of SB (3mM, 30mM). Using the improved protocol, we observed that com-

pared to previously published data, 15mM SB induced an even more rapid OCR increase,

peaking as early as 22.5 minutes (4th measurement compared with 6th measurement in Becker

et al. [20]) (Fig 1 and S1B Fig in S1 File). Additionally, 30mM SB induced a stronger and pro-

longed OCR increase (Fig 1 and S1C Fig in S1 File), whereas, 3mM SB treatment was insuffi-

cient and did not result in an OCR increase (Fig 1 and S1A Fig in S1 File). Similarly, under the

improved protocol, vehicle group showed relatively more stable OCR levels throughout the

experiment (Fig 1), compared to our previous work where the vehicle measurements displayed

a mild and transient increase in OCR. It is noteworthy that the addition of the SB slightly

cause a reduction of the pH of the media, while the pH of the buffer of 3mM and 15Mm were

similar (S2 Fig in S1 File). Collectively, the improved protocol supported the notion of earlier

impact of SB on OCR alongside an improved control group.

Proteome and acetylome measurements in fly heads

We next assessed the impact of SB treatment on the fly head proteome and acetylome while

focusing on potential alterations during 20 minutes of 15mM SB treatment.

It was hypothesized, that SB, as a KDACi, alters non-histone protein acetylation in fly

heads, which leads to increased oxygen consumption, and that the observed phenotype is not

caused by any transcriptional changes due to the short treatment window of only 20 minutes

[19]. As expected, our proteome comparison between vehicle and 15mM SB of 2827 detectable

proteins shows no significant abundance change in flies’ heads after 20 minutes of incubation

with SB (Fig 2A). Specifically, we detected no significant changes key metabolic enzymes in

the TCA cycle metabolism and in the respiratory complexes I-IV (Fig 2C–2K and 2L–2P).
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Nonetheless, SB has been previously shown to be a KDAC inhibitor that affects protein

acetylation, which is more rapid and dynamic compared with overall protein abundance alter-

ations [23–26]. Dynamic protein acetylation itself has been shown to impact metabolic regula-

tion [27–29]. Therefore, we next measured the protein acetylome after SB/vehicle treatment at

20 min. interestingly, no significant alterations were found among 267 different proteins har-

boring 557 acetylation sites (Fig 2B). Collectively, we found no impact of SB neither on protein

levels nor on protein acetylation at the peak of OCR increase in flies’ heads.

As butyrate does not impact protein abundance and protein acetylation, at least at the 20

min mark, we wondered if the heads can utilize butyrate as a metabolite. Previous work

showed that SB is used as a metabolite in colonocytes and influences mitochondrial function,

Fig 1. Sodium butyrate rapidly increase oxygen consumption in a dosage dependent manner. (A) Quantification of oxygen consumption

levels upon addition of SB. Time zero refers to the last measure prior to the addition of vehicle/SB. (B+C) Area under the curve for each

condition plotted in a scatter plot for the 2–7 (7.5–45 minutes) measurements (B) after the injection and 7–12 (45–82.5 minutes)

measurements (C) after the injection. Control (orange, n = 28), 3mM SB (light green, n = 16), 15mM SB (dark green, n = 22), 30mM SB

(brown, n = 15). Error bars indicate standard error of mean in all graphs. One-way ANOVA, Tukey´s post-hoc test, ns p>0.05; * p�0.05; **
p�0.01; *** p�0.001; **** p�0.0001. Detailed statistical information is presented in S1 and S2 Tables in S1 File. Each measurement was

normalized to the first measurement (time point ‘0’), which is the measurement prior to the introduction of the vehicle/SB/.

https://doi.org/10.1371/journal.pone.0315892.g001
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Fig 2. Sodium butyrate does not impact the levels of proteins and acetylation of proteins after 20 minutes. (A)

Heatmap showing comparison of 2827 detected proteins between control (orange, n = 4) and 15mM SB (green, n = 4)

treated fly heads after 20 min. (B) Heatmap comparing 557 detected acetylation sites of 267 proteins between control

(orange, n = 4) and 15mM SB (green, n = 4) treated fly heads after 20 min. FC (fold change). Levels of key

mitochondrial proteins related to TCA cycle were not significantly altered after 20 min between control (orange, n = 4)

and 15mM SB (green, n = 4) group. Genes encoding proteins are as follows: (C) CG3861 (Citrate synthase), (D)

CG9244 (Aconitate hydratase), (E) CG7176 (Isocitrate dehydrogenase), (F) CG1544 (2-oxoglutarate dehydrogenase),

(G) CG5214 (Dihydrolipoyllysine-residue succinyltransferase), (H) CG7430 (Dihydrolipoyl dehydrogenase), (I)

CG11963 (Succinyl-CoA ligase), (J) CG4094 (Fumarate hydratase), (K) CG5362 (Malate dehydrogenase). Error bars

indicate ±S.E.M in all graphs. Student’s t-test was performed and detailed statistical information is presented in S3

Table in S1 File. Levels of key mitochondrial proteins were not significantly altered after 20 min between control

(orange, n = 4) and 15mM SB (green, n = 4) group. Genes encoding proteins are as follows: (L) Complex I: CG6343

(ND-42), CG2286 (ND-75), (M) Complex II: CG17246 (SdhA), CG6666 (SdhC), (N) Complex III: CG8764 (Ox),
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e.g., in the liver [23, 26]. As such, we hypothesized that butyrate could be utilized as an energy

source in the fly heads.

The addition of pyruvate and proline transiently increase OCR

We next tested metabolites that are known to affect the electron transport chain and hence the

OCR. In a similar experimental design described for the SB treatment, we added pyruvate and

proline as positive control to fly heads. Indeed, treatment of fly heads with pyruvate and pro-

line, two metabolites that are known substrates for the mitochondria of flies, revealed kinetics

similar to the responses observed after SB treatment (Fig 3). The similarity of the kinetic of

pyruvate/proline and SB suggests that SB might be used as mitochondrial substrate in the fly

heads.

Assessment of the fly metabolome following treatment with 13C4-labeled

sodium butyrate

To test this hypothesis, we incubated fly heads in a buffer containing 13C4-labeled 15mM SB

and the assessed incorporation of labeled carbon atoms into metabolites by using liquid chro-

matography-mass spectrometry (LC-MS) at three distinct time points (0 min, 20 min, and 60

min). Of note, fly heads were continuously exposed to 13C4-labeled 15mM SB for the entire

duration of each experiment. As expected, we found substantial increase in the pool sizes of

butyric acid, butyryl coenzyme A (CoA), and 3-hydroxybutyryl-CoA (Fig 4B–4D) showing

nearly 100% incorporation of heavy labeled carbons (S3 and S4A-S4C Figs in S1 File). Addi-

tionally, we observed increased 13C2 labeling of acetyl-CoA over time (Fig 5A and S4D Fig in

S1 File). In line with these results, we also observed a substantial increase in stable isotope

labeling in all detected TCA metabolites (Fig 5B–5H and S4E-S4M Fig in S1 File), indicating

that the carbons from the butyrate have been rapidly incorporated into the TCA cycle specifi-

cally via β-oxidation to acetyl-CoA. Notably, the overall incorporation of 13C4 continued to

increase from 20 to 60 min (Fig 5). Lastly, we did not observe 13C incorporation in this time

frame into other metabolites such as the amino acids arginine, aspartate, glutamate and proline

(S5 Fig in S1 File).

Discussion

In this work, we tested the impact of SB on molecular metabolism processes that might explain

the rapid increase in whole fly head OCR. Firstly, we used an improved method to measure

OCR in response to SB treatment. The new Seahorse analyzer, manual OCR calculation (see

methods) and improved pH control have led to a more stable result for vehicle group measure-

ments, compared with previously published data [20]. Furthermore, the improved method

revealed an earlier increase of OCR in response to SB treatment, namely already after 3–4 mea-

surements (22.5–30 minutes), which supported the notion that the OCR increase is indepen-

dent of histone-mediated transcription and following translation [17, 22]. Additionally, we

showed that the increased OCR is SB is dose-dependent. For example, using higher 30mM SB

concentration results in stronger and prolonged OCR increase in fly heads. We suggest that

molecular studies could benefit from using increased dosage of SB that may assist uncovering

the impacted molecular pathways, as the magnitude of response is elevated.

CG7361 (Rieske), (O) Complex IV: CG14724 (COX5A), CG9603 (COX7A) and (P) Complex V. Error bars indicate

±S.E.M in all graphs. Student’s t-test was performed and detailed statistical information is presented in S3 Table in S1

File.

https://doi.org/10.1371/journal.pone.0315892.g002
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Fig 3. Pyruvate and proline rapidly and transiently increase oxygen consumption in fly heads. (A) Representative

tracing for oxygen level changes in control and 25mM pyruvate and proline (PP)-treated fly heads. Each measurement

lasted 2 min and consisted of 10 sub-measurements (ticks). The last measurement before (3) and the measurements

after injection (4–18) are shown. The arrowhead indicates the addition of PP or control. (B) Quantification of OCR

based on (A). (C+D) Area under the curve for each condition plotted in a scatter plot for the (C) 2–7 (7.5–45 minutes)

measurements or (D) 7–12 (45–82.5 minutes) measurements after the injection. Control (orange, n = 11), 5mM PP

(blue, n = 15), 25mM PP (purple, n = 7). One-way ANOVA, Tukey´s post hoc test, ns p>0.05; * p�0.05; ** p�0.01.

Error bars indicate ±S.E.M in all graphs. Detailed statistical information is presented in S4 and S5 Tables in S1 File.

Each measurement was normalized to the first measurement (time point ‘0’), which is the measurement prior to the

introduction of the vehicle/pyruvate+proline.

https://doi.org/10.1371/journal.pone.0315892.g003
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Notably, we observed that similarly to SB, pyruvate and proline induce similar increased

OCR kinetics. Interestingly, both responses are transient and are back to normal OCR levels

after over one hour. The reason for this is not clear and should be further investigated. It is evi-

dent that, at least with SB, sufficient SB is still present in the buffer after 60 minutes (S6 Fig in

S1 File). However, it is possible that feedback loops aimed to control mitochondrial respiration

are active to counter SB’s impact on the OCR. More work is needed to understand the mecha-

nism that reset the OCR levels back to their basal state.

In line with our initial hypothesis, we found no changes in protein abundance after 20 min-

utes of SB treatment. This is supported by the fact that such time frame is likely too short for

the transcription and translation of proteins to increase the OCR [19]. However surprisingly,

in contrast to our initial hypothesis, we also observed no significant alterations in protein acet-

ylation in this time frame. Protein acetylation was shown to modulate metabolic activity, and

acetylation itself is rapid and dynamic [17, 28, 29]. While it is possible that a broader mass

Fig 4. Butyrate is rapidly incorporated into butyric derivatives. (A) Schematic overview of key metabolic pathways (red)

involving the measured metabolites. (B-D) Changes in pool size in response to 13C4-labeled SB treatment in fly heads over time (red,

0 min; blue, 20 min; green, 60 min). n = 6 for all metabolites. Error bars indicate ±S.E.M in all graphs. One-way ANOVA, Tukey´s

post-hoc test, ns p>0.05; * p�0.05; ** p� 0.01; *** p�0.001; **** p�0.0001. Detailed statistical information is presented in S6

Table in S1 File.

https://doi.org/10.1371/journal.pone.0315892.g004
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Fig 5. Butyrate is rapidly incorporated into TCA cycle metabolites. (A) Analysis of Mass Isotopomer Distribution

(MID) of acetyl-CoA. 13C4-sodium butyrate treatment to determine its incorporation at different time points by mass

spectrometry. (B-H) Analysis of Mass Isotopomer Distribution (MID) in TCA cycle metabolites after 13C4-SB

treatment to determine its incorporation over time by mass spectrometry. n = 6 for all metabolites and time points. M0

unlabeled mass of isotope, M+n native metabolite mass + number of isotopically labeled carbons. Error bars indicate

±S.E.M in all graphs. Detailed statistical analysis was performed using one-way ANOVA, Tukey´s post-hoc test, results

are presented in S7 Table in S1 File.

https://doi.org/10.1371/journal.pone.0315892.g005
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spectrometric coverage would reveal protein acetylation changes, our data support the notion

that SB, at least within the measured time frame, does not induce increased acetylation that

may be linked with the increased OCR. This is important as previous studies tested short-term

impact of SB in the brain, for example on memory formation enhancement, and linked it with

acetylation increase [11]. However, our data suggest that SB may in fact act as a metabolic

boost and that such a boost may be the underlying benefit for previously described therapeutic

attributes of SB.

Our results further support the idea that butyrate is rapidly incorporated specifically into

β-oxidation and TCA cycle metabolites. We observed a clear 13C incorporation in the TCA

cycle metabolites. Notably, the measurement intensity for succinyl-CoA was low, while oxa-

loacetate was not detected at all, which might indicate lower stability of these metabolites,

therefore making it more difficult to detect 13C. Nonetheless, our data clearly shows a spe-

cific and gradual accumulation of 13C in acetyl-CoA and TCA metabolites. In fact, already

at so-called time point 0, we observed 13C incorporation. This might be attributed to the

fact that even the short exposure to 13C labeled butyrate, while collecting the samples, is suf-

ficient to cause 13C incorporation into the TCA metabolites. Overall, this data shows a cor-

relation between fueling the oxidation and TCA cycle in a similar time frame to increased

OCR in fly heads.

The enrichments for most metabolites in the TCA cycle following citric acid are rather low.

Accordingly, we would postulate that the mitochondrially incorporated 13C2 of each unit from

the beta-oxidized 13C4 butyrate molecule, end up, after being converted to 13C2 acetyl-CoA, in

the TCA cycle where it reaches the first product, namely citrate. As can be further seen, the

enrichment does not seem to be forwarded linearly into the following TCA cycle intermedi-

ates, since the enrichment rate of cis-aconitate, isocitrate and even more α -ketoglutarate and

followers, are by far lower than the 20% M2 enrichment observed for citrate (e.g., 1.5% M2 for

α-ketoglutarate, Fig 5E). One assumption that can be drawn from these disproportional

enrichments observed would be, that the synthetized citrate may be immediately exported to

the cytosol where it might be degraded and converted through the ATP citrate lyase (ACLY)

into oxaloacetate and 13C2 acetyl-CoA. While the oxaloacetate carbon can be reimported to

the mitochondrion via malate and pyruvate, the obtained 13C2 acetyl-CoA might be converted

into newly synthetized fatty acids. Unfortunately, we cannot proof this assumption, since we

did not measure fatty acids and hence cannot determine their increased 13C-enrichment levels

in this study.

Butyrate has been previously suggested as a drug for treating diseases such as neurodegen-

erative maladies and sarcopenia. It is possible that some of the benefits of butyrate that were

previously described may be attributed to direct metabolic boost. Although not tested here,

butyrate can increase the levels of key metabolites such as ATP which may be lower in such

maladies. Furthermore, the incorporation of butyrate in key TCA metabolites might benefit

health span as for example in mice, the addition of α-ketoglutarate promotes healthy lifespan

associated with reduced inflammation.

In summary, we show that SB rapidly incorporates into central metabolic pathways in fly

heads while, at least within the studied time frame, causing no visible impact on protein acety-

lation. Our data supports the notion that the role of SB as a therapy mainly via inhibiting

KDAC to cause increased protein acetylation should be revisited. Instead, we rationalize that

SB may act, at least acutely, as a transient metabolic boost and thus lead to improved memory

performance as previously described. Nonetheless, more causal evidence is needed to tightly

link the observed OCR increase induction by SB and rapid metabolic alterations in the context

of whole tissue.
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Methods

Fly strains

The Drosophila melanogaster strain w1118 was maintained and cultivated at 25˚C with 60%

humidity and a 12 h light/ 12 h dark cycle on normal fly food (11 l H2O, 97.5 g Agar, 975 g

corn flour, 112.5 g soy flour, 225 g yeast, 975 g melasse, 487.5 g malt, 311.25 ml Nipagin,

221.25 ml acid mix) and transferred to new vials with fresh fly food at different time periods.

In order to select flies according to gender, flies were briefly sedated with CO2. Male flies were

selected for the study at the age of 7–9 days.

Oxygen consumption measurements

Oxygen consumption measurements were done using Seahorse XFe24 Analyzer and the corre-

sponding XFe24 island plates as previously described [22] with the following modifications:

Solutions were freshly prepared on experimental day and pH was adjusted to 7.15 (buffer)

and 6.95 (SB) with NaOH or HCl at experimental temperature of 31˚C. The plate wells and the

injection ports were inspected for air bubbles, which were removed using a pipette if

necessary.

The automatic FIXED algorithm, which was used for the XF24 machine [21], is absent in

the new XFe24 machine and therefore OCR was analyzed by calculating the decrease in oxygen

level by dividing tick 5 by tick 2 and normalized to the last basal measurement before injection

(third total measurement).

Each measurement was normalized to the first measurement (time point ‘0’), which is the

measurement prior to the introduction of the vehicle/SB/pyruvate+proline.

Plate preparation for omics

Plate preparation for proteome/acetylome analyses was done as described for the Seahorse

XFe24 Analyzer, with the following additions [21]. The plate was incubated at 31˚C for 20 min

to reflect the three basal measurements during the OCR experiments. Afterwards, vehicle or

SB solution was carefully added to fly heads and an incubation step at 31˚C of 20 min or 60

min followed. Subsequently, plates were removed from the incubator and supernatant was dis-

carded. The wells were washed with water and immediately frozen by using liquid nitrogen.

Fly heads were removed on dry ice from plates by using forceps and stored in reaction tubes

at– 80˚C until further analysis. 16 fly heads corresponded to one biological sample (n) for

metabolome analysis, whereas 1000 fly heads were needed for proteome and acetylome

analysis.

Proteome and acetylome analysis

High-resolution mass spectrometry was used to identify potential lysine acetylation sites on

proteins and acetylation changes in fly heads as previously described [22].

Briefly, 100 mg of frozen fly heads were homogenized in 300 μl lysis buffer as previously

described [22]. To reduce disulfide bonds, samples were treated with the reducing agent

dithiothreitol (DTT), followed by a treatment with iodoacetamide (IAA) to alkylate free

cysteines.

Samples were digested for 5 h with Lys-C and with trypsin. The eluted peptide concentra-

tion was measured by NanoDrop OneC spectrophotometer and equal concentration of pep-

tides were incubated with 45 μl anti-acetyllysine antibody (ICP0388, Immunechem) overnight

at 4˚C. Beads were washed four times with phosphate-buffered saline (PBS)/Tween 0.1% and

then four times with PBS. Acetylated peptides were eluted from beads with 125 μl 0.1%
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Trifluoroacetic acid (TFA). For proteome analysis 20 μl of each sample were taken before

enrichment for acetylated lysines and were diluted with 80 μl 0.1% TFA.

LC-MS/MS measurements were performed as described previously [30]. Briefly, for full

proteome measurement, 0.25 μg purified peptides were injected into an Ultimate 3000

RSLCnano system coupled to a Q-Exactive HF-X mass spectrometer (Thermo Fisher Scien-

tific), while for acetylome measurements the complete peptide sample derived after acetylome

enrichment (concentration unknown) was injected. The Q-Exactive HF-X mass spectrometer

was operated in the data-dependent acquisition and positive ionization mode using a 120 min-

ute linear LC gradient. Peptide identification and quantification were performed using Max-

Quant (version 1.6.3.4). MS2 spectra were searched against the Uniprot Drosophila
melanogaster proteome database (UP000000803, 21923 entries, download at 22.3.2019). For

full proteome analyses, carbamidomethylated cysteine was set as fixed modification and oxida-

tion of methionine and N-terminal protein acetylation as variable modifications. For the acety-

lome data, additionally Lysine acetylation was set as variable modifications.

Protein abundances were calculated using the label-free quantification algorithm from Max-

Quant [31]. The intensities of lysine-acetylated peptides from the “modificationSpecificPep-

tides.txt” table were used to quantify the relative abundances of acetylation site. Student’s t-test

was used to identify the differentially expressed proteins and lysine-acetylated peptides between

control and SB. The resulting p values were adjusted by the Benjamini–Hochberg algorithm the

FDR [32]. For heatmap generation, the intensity matrix was scaled row-wise. Correlation dis-

tance and Euclidean distance were used to generate dendrograms on rows and columns respec-

tively. The statistical analyses were performed using R 4.1.0 (R Core Team, 2021).

Metabolome analysis

Heavy-labeled sodium butyrate-13C4 was used for all metabolome-experiments. Semi-targeted

liquid chromatography-high-resolution mass spectrometry (LC-HRMS) analysis of short

chain fatty acyl coenzyme A species (Acyl-CoAs) was applied. The LC-HRMS analysis of Acyl-

CoAs was performed using an adapted protocol [33].

In brief, the dried metabolite extract was re-suspended in 50 μl of LC-MS-grade water

(Optima-Grade, Thermo Fisher Scientific). After 15 min incubation on a thermomixer at 4˚C

and a 5 min centrifugation at 16,000 x g at 4˚C, the cleared supernatants were transferred to

glass autosampler vials with 300 μl glass inserts (Chromatography Accessories Trott,

Germany).

For the LC-HRMS analysis, 1 μl of the sample was injected onto a 30 x 2.1 mm BEH Amide

UPLC column (Waters) with 1.7 μm particle size. The gradient elution ran in a quaternary

Vanquish Flex LC system (Thermo Fisher Scientific) with a flow rate of 500 μl/min using a

quaternary buffer system consisting of buffer A 5 mM ammonium acetate (Sigma) in LC-MS-

grade water (Optima-Grade, Thermo Fisher Scientific); buffer B consisted of 5 mM ammo-

nium acetate (Sigma) in 95% acetonitrile (Optima-grade, Thermo Fisher Scientific); buffer C

consisted of 0.1% phosphoric acid (85%, VWR) in 60% acetonitrile (acidic wash) and buffer D

of 50% acetonitrile (neutral wash). The column temperature was set to 30˚C, while the LC gra-

dient was: 85% B for 1 min, 85–70% B 1–3 min; 70–50% B 3–3.2 min; holding 50% B till 5

min; 100% C 5.1–8 min, 100% D 8.1–10 min; followed by re-equilibration with 15% A and

85% B 10.1–13 min. The mass spectrometer (Q-Exactive HF, Thermo Fisher Scientific) was

operating in positive ionization mode recording the mass range m/z 760–1800. The heated

electrospray ionization (ESI) source settings of the mass spectrometer were set to: Spray volt-

age 3.5 kV, capillary temperature 300˚C, sheath gas flow 50 AU, aux gas flow 15 AU at a tem-

perature of 350˚C and the sweep gas to 3 AU. The RF-lens was set to a value of 55.
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The identity of acetyl-CoA and malonyl-CoA was validated by authentic 13C labeled refer-

ence compounds, which were run before. Other Acyl-CoAs annotations were validated by

using E. coli reference material matching exact mass and reporter ions from PRM experiments.

Peak areas of [M + H]+ ions and corresponding isotopomeres were extracted using a mass

accuracy (<5 ppm) and a retention time tolerance of<0.05 min.

Semi-targeted LC-HRMS analysis of amine-containing metabolites

The LC-HRMS analysis of amine-containing compounds was performed using an adapted

benzoylchlorid-based derivatization method [34].

In brief: The polar fraction of the metabolite extract was re-suspended in 200 μl of LC-MS-

grade water (Optima-Grade, Thermo Fisher Scientific) and incubated at 4˚C for 15 min on a

thermomixer. The re-suspended extract was centrifuged for 5 min at 16,000 x g at 4˚C and

50 μl of the cleared supernatant was mixed with 25 μl of 100 mM sodium carbonate (Sigma),

followed by the addition of 25 μl 2% [v/v] benzoylchloride (Sigma) in acetonitrile (Optima-

Grade, Thermo Fisher Scientific). Samples were vortexed and kept at 20˚C until analysis. After

a 5 min centrifugation at 16,000 x g at 20˚C, the cleared supernatant was transferred to glass

autosampler vials with 300 μl glass inserts (Chromatography Accessories Trott, Germany).

For the LC-HRMS analysis, 1 μl of the derivatized sample was injected onto a 100 x 2.1 mm

HSS T3 UPLC column (Waters) with 1.8 μm particle size. The gradient elution ran in a binary

Vanquish Horizon LC system (Thermo Fisher Scientific) with a flow rate of 400 μl/min using a

binary buffer system consisting of buffer A:10 mM ammonium formate (Sigma), 0.15% [v/v]

formic acid (Sigma) in LC-MS-grade water (Optima-Grade, Thermo Fisher Scientific) and

buffer B consisted solely of acetonitrile (Optima-grade, Thermo Fisher-Scientific). The column

temperature was set to 40˚C, while the LC gradient was: 0% B at 0 min, 0–15% B 0–4.1 min;

15–17% B 4.1–4.5 min; 17–55% B 4.5–11 min; 55–70% B 11–11.5 min, 70–100% B 11.5–13

min; B 100% 13–14 min; 100–0% B 14–14.1 min; 0% B 14.1–19 min; 0% B. The mass spec-

trometer (Q-Exactive Plus, Thermo Fisher Scientific) was operating in positive ionization

mode recording the mass range m/z 100–1000. The heated ESI source settings of the mass

spectrometer were set to: Spray voltage 3.5 kV, capillary temperature 300˚C, sheath gas flow 60

AU, aux gas flow 20 AU at a temperature of 330˚C and the sweep gas to 2 AU. The RF-lens

was set to a value of 60.

The identity of each compound was validated by authentic reference compounds, which

were run before and after every sequence. Peak areas of [M + nBz + H]+ ions and isotopomers

were extracted using a mass accuracy (<5 ppm) and a retention time tolerance of<0.05 min.

Anion-Exchange Chromatography Mass Spectrometry (AEX-MS) for the

analysis of anionic metabolites

Extracted metabolites were re-suspended in 200 μl of Optima UPLC/MS grade water (Thermo

Fisher Scientific). After 15 min incubation on a thermomixer at 4˚C and a 5 min centrifuga-

tion at 16,000 x g at 4˚C, 100 μl of the cleared supernatant were transferred to polypropylene

autosampler vials (Chromatography Accessories Trott).

The samples were analyzed using a Dionex ion chromatography system (Integrion, Thermo

Fisher Scientific) as described previously [35]. In brief, 5 μl of polar metabolite extract was

injected in full loop mode using an overfill factor of 1, onto a Dionex IonPac AS11-HC column

(2 mm × 250 mm, 4 μm particle size, Thermo Fisher Scientific) equipped with a Dionex Ion-

Pac AG11-HC guard column (2 mm × 50 mm, 4 μm, Thermo Fisher Scientific). The column

temperature was held at 30˚C, while the auto sampler was set to 6˚C. A potassium hydroxide

gradient was generated using a potassium hydroxide cartridge (Eluent Generator, Thermo
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Scientific), which was supplied with deionized water. The metabolite separation was carried at

a flow rate of 380 μl/min, applying the following gradient conditions: 0–3 min, 10 mM KOH;

3–12 min, 10−50 mM KOH; 12–19 min, 50–100 mM KOH, 19–21 min, 100 mM KOH, 21–22

min, 100–10 mM KOH. The column was re-equilibrated at 10 mM for 8 min.

For the analysis of metabolic pool sizes the eluting compounds were detected in negative

ion mode using full scan measurements in the mass range m/z 50–750 on a Q-Exactive HF

high resolution MS (Thermo Fisher Scientific). The heated ESI source settings of the mass

spectrometer were: Spray voltage 3.2 kV, capillary temperature was set to 275˚C, sheath gas

flow 70 AU, aux gas flow 15 AU at a temperature of 350˚C and a sweep gas flow of 0 AU. The

S-lens was set to a value of 50.

The identity of each compound was validated by authentic reference compounds, which

were measured at the beginning and the end of the sequence.

The LC/IC-MS data analysis was performed using the open source software El Maven

0.12.0 [36]. For this purpose, Thermo raw mass spectra files were converted to mzML format

using MSConvert 3.0.22060 [37] (Proteowizard). Molecular ion and the corresponding isoto-

pologue mass peaks of every required compound were extracted and integrated using the

underlying algorithm within El Maven, only in rare cases isotopologue mass peaks were manu-

ally re-integrated. Extracted ion chromatograms were generated with a mass accuracy of

<5 ppm and a retention time (RT) tolerance of<0.05 min as compared to the independently

measured reference compounds. Afterwards, Isotopomer distribution was corrected for natu-

ral abundant isotopes with the IsoCorrectoR [38] package in R. If no independent 12C experi-

ments were carried out, where the pool size is determined from the obtained peak area of the

12C monoisotopologue, the pool size determination was carried out by summing up the peak

areas of all detectable isotopologues per compound. These areas were then normalized, as per-

formed for un-traced 12C experiments, to the internal standards, which were added to the

extraction buffer, followed by a normalization to the protein content or the cell number of the

analyzed samples. The relative isotope distribution of each isotopologue was calculated from

the proportion of the peak area of each isotopologue towards the sum of all detectable isotopo-

logues. The 13C enrichment, namely the area attributed to 13C molecules traced in the

detected isotopologues, was calculated by multiplying the peak area of each isotopologue with

the proportion of the 13C and the 12C carbon number for the corresponding isotopologue

(the 12C and 13C monoisotopologue areas were multiplied with 0 and 1 respectively). The

obtained 13C area of each isotopologue are summed up, providing the peak area fraction asso-

ciated to 13C atoms in the compound. Dividing this absolute 13C area by the summed area of

all isotopologues provides the relative 13C enrichment factor.
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