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Quantitative subcellular metabolomic measurements can explain the roles of metabolites in 

cellular processes, but are subject to multiple confounding factors. We developed Stable Isotope 

Labeling of Essential nutrients in cell Culture - Subcellular Fractionation (SILEC-SF), which uses 

isotope labeled internal standard controls that are present throughout fractionation and processing 

to quantify acyl-Coenzyme A thioesters in subcellular compartments by liquid chromatography-

mass spectrometry. We tested SILEC-SF in a range of sample types and examined the 

compartmentalized responses to oxygen tension, cellular differentiation, and nutrient availability. 

Application of SILEC-SF to the challenging analysis of the nuclear compartment revealed a 

nuclear acyl-CoA profile distinct from that of the cytosol, with notable nuclear enrichment of 

propionyl-CoA. Using isotope tracing we identified the branched chain amino acid isoleucine as 

a major metabolic source of nuclear propionyl-CoA and histone propionylation, thus revealing a 

new mechanism of crosstalk between metabolism and the epigenome.

eTOC Blurb

Trefely et al., developed and applied a technique termed SILEC-SF to measure acyl-coenzyme A 

thioesters in subcellular compartments by liquid chromatography-mass spectrometry. SILEC-SF 

was applied to different cell and tissue types to examine the compartmentalized responses across 

the cytosol, mitochondria, and nucleus to oxygen tension, cellular differentiation, and nutrient 

availability
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INTRODUCTION:

Quantitative measurements of metabolites can yield crucial insights into their roles 

in cellular processes and nutrient sensing mechanisms. However, metabolism is highly 

compartmentalized within cells, and the subcellular distribution of metabolites determines 

their use (Boon et al., 2020; Trefely et al., 2020). Whole cell analyses often provide 

insufficient information on compartment-specific metabolism, particularly when the 

compartment of interest accounts for a small fraction of the whole cell quantity of a given 

metabolite. Indeed, recent advances in fractionation methodologies for compartment-specific 

metabolite quantitation by mass spectrometry have yielded important biological insights 

(Chen et al., 2017; Wang et al., 2021; Wyant et al., 2017). Yet, particular challenges 

in measuring metabolites in subcellular compartments remain, including that subcellular 

fractionation is inherently disruptive and metabolic analysis after fractionation is subject to 

confounding factors (Dietz, 2017; Lu et al., 2017; Trefely et al., 2019).

Acyl-Coenzyme A thioesters (acyl-CoAs) are a family of metabolites that are involved 

in diverse metabolic pathways across subcellular compartments (Trefely et al., 2020). 

Acetyl-CoA, a prototypical acyl-CoA, is the product of several catabolic processes in 

the mitochondria, whilst in the cytosol it is the primary substrate for anabolic processes 

including de-novo fatty acid and cholesterol synthesis. Acetyl-CoA is the acyl-donor for 

acetylation in all compartments. In the nucleus, acetyl-CoA is a substrate for epigenetic 

regulation via histone acetylation(Sivanand et al., 2018).

Metabolite availability in the nucleus can link environmental cues with nuclear gene 

regulation via nutrient-sensitive chromatin modifications (Campbell and Wellen, 2018; 

Dai et al.; Ryan et al., 2019). The nucleus and cytosol have been generally considered a 

continuous metabolic compartment since the nuclear pores are permeable to small molecule 

metabolites. Nevertheless, whole cell acetyl-CoA abundance and histone acetylation can be 

uncoupled (e.g., in cells deficient in the acetyl-CoA generating enzyme ATP citrate lyase 

(ACLY)(Zhao et al., 2016)), and recent studies have provided evidence of distinct regulation 

of acetyl-CoA production within the nucleus (Li et al., 2017; Mews et al., 2017; Sivanand 

et al., 2017, 2018; Sun et al., 2019; Sutendra et al., 2014). Other histone modifications 

including succinylation, malonylation, propionylation, crotonoylation, and butyrylation are 

correlated with the cellular abundance of their respective acyl-CoAs (Simithy et al., 2017), 

but the subcellular distribution and regulation of these metabolites, as well as their metabolic 

sources within the nucleus, remain poorly understood. Rigorous mass spectrometry-based 

methodologies for determination of nuclear metabolite pools have not been reported, though 

such approaches are needed to advance mechanistic understanding of the links between 

metabolism and chromatin modification.
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We developed Stable Isotope Labeling of Essential nutrients in cell Culture - Subcellular 

Fractionation (SILEC-SF) to measure acyl-CoAs in subcellular compartments. This 

approach builds on the SILEC approach using 15N1
13C3–vitamin B5 (VB5, pantothenate) 

to generate cell lines highly enriched for 15N1 13C3 –labeled acyl-CoAs (Basu et al., 

2011; Snyder et al., 2014). SILEC-SF applies SILEC-labeled cells as rigorous internal 

standard controls, which are introduced prior to fractionation. Thus, in addition to correcting 

for a range of factors in analysis by liquid chromatography-mass spectrometry (LC-MS) 

including variability in processing, analyte loss, extraction inefficiency, and ion suppression 

(Ciccimaro and Blair, 2010; Mann, 2006; Ong, 2012), SILEC-SF can also account for 

metabolic disruptions and sample losses during the fractionation process. We applied 

SILEC-SF to the analysis of mitochondrial, cytosolic, and nuclear metabolites and reveal 

distinct metabolic regulation within each these compartments.

DESIGN:

SILEC-SF uses whole cell internal standards to control for sample processing

We hypothesized that inclusion of internal standards throughout fractionation and processing 

would enable accurate relative quantification of metabolites in subcellular compartments. 

SILEC labeling with 15N1
13C3-VB5 results in isotope label incorporation into CoA, which 

can be detected by LC-MS (Figure 1A)(Basu et al., 2011; Frey et al., 2016; Snyder 

et al., 2014). Since this allows generation of 15N1
13C3 labeled internal standards at 

>99% efficiency within living cells (Basu et al., 2011; Snyder et al., 2015), we designed 

SILEC-subcellular fractionation (SILEC-SF) to achieve relative acyl-CoA quantitation in 

subcellular compartments (Figure 1B). For this, SILEC cells are harvested in fractionation 

buffer and added in equal quantity to each experimental sample before fractionation to 

separate subcellular compartments. This strategy ensures the internal standard is present 

as whole cells before any processing for fractionation occurs, as well as in every relevant 

compartment after fractionation. Each fraction is then extracted and analyzed by LC-MS 

and the ratio of light (acyl-CoA molecules from experimental cells) to heavy (SILEC 

isotope labeled internal standard molecules) signal intensity is used to determine the relative 

quantities within each subcellular compartment across different experimental samples. Co-

elution and simultaneous analysis of the analyte with the 15N1
13C3 labeled internal standard 

improves quantitative performance (Frey et al., 2016). This approach is complementary to, 

and can be adapted for use with a variety of fractionation approaches including differential 

centrifugation and immunoprecipitation of organelles. Thus, SILEC-SF applies internal 

standards as living whole cells to enable rigorous metabolite quantification in subcellular 

compartments.

SILEC-SF is calibrated using standard curves specific to each fraction

We generated separate standard curves for each fraction to quantify metabolites recovered 

within each fraction. Standard curves were generated by fractionation of additional aliquots 

of SILEC internal standard cells in parallel with experimental samples, followed by addition 

of known quantities of unlabeled standards (Figure S1A & S1B). Curves were strikingly 

different between subcellular fractions (Figure S1C). These distinct standard curves likely 

reflect several factors that vary across different fractions including the relative enrichment 
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of specific acyl-CoA species (i.e. different quantities of SILEC internal standard), extraction 

efficiency, and matrix effects (Ciccimaro and Blair, 2010).

We next assessed the impact of matrix effects. Since the matrix is defined as all the 

components of the sample except the analyte (Guilbault and Hjelm, 1989), and those 

components are unique to each fraction, we reasoned that the effects of the matrix 

might be different across fractions. To examine this directly, we measured the impact of 

different subcellular matrices on raw signal intensity. SILEC subcellular matrices were 

generated by fractionation of fully labeled SILEC internal standard cells, similar to standard 

curve generation (Figure S2A, Figure S2B). Unlabeled acyl-CoA standards were added 

to the SILEC matrix extracts immediately before LC-MS analysis, as opposed to before 

extraction, to specifically assay the effects of matrix. Signal intensity for unlabeled acyl-

CoA standards varied with the addition of different matrices in a manner that was specific 

to each metabolite (Figure S2C). This demonstrates that matrix-specific effects contribute to 

standard curve variation and highlight the importance of using matrix matched calibration.

RESULTS:

Distinct acyl-CoA profiles define mitochondria and cytosol in diverse cell and tissue types

SILEC-SF was applied to determine the acyl-CoA distribution in mitochondria and cytosol 

in diverse cells and tissues including cultured adipocytes, fibroblasts, mouse liver, and 

human heart (Figure 2A-E). For maximal adaptability across sample types, we employed 

a classical differential centrifugation protocol for isolation of mitochondria and cytosol 

simultaneously (Clayton and Shadel, 2014; Frezza et al., 2007), with adaptations for speed 

and purity (Figure 2A, S2B, S3A-C). SILEC-SF reveals distinctive acyl-CoA profiles 

defining cytosol and mitochondria. Succinyl-CoA, acetyl-CoA, and CoASH are the most 

abundant short chain acyl-CoA species on a whole cell level, consistent with data from 

direct extraction of matching whole cells and tissues in this study and previous studies 

(Figure S3D)(Bedi et al., 2016; Sadhukhan et al., 2016; Simithy et al., 2017). Notably, 

CoASH was enriched in the cytosol and succinyl-CoA was generally the dominant acyl-CoA 

species in the mitochondria, while acetyl-CoA was at similar or greater abundance than 

succinyl-CoA in the cytosol across these different cell/tissue types (Figure 2B-E). The 

cellular debris is enriched in high-density cellular material including unbroken cells and 

nuclei (Figure 2A, S2B, S3A-C). One of the strengths of SILEC-SF is that it can be 

applied in conjunction with different fractionation strategies. We also adapted SILEC-SF 

to a mitochondrial immunoprecipitation method (Mito-IP), which offers speed and purity 

advantages (Chen et al., 2017) (Figure 2F & G), and for which we generated matrix 

specific standard curves by standard addition (Figure S1B). SILEC-SF by Mito-IP also 

identified succinyl-CoA as prominent in the mitochondria and acetyl-CoA enriched outside 

of mitochondria (Figure 2G). Thus, the SILEC-SF method discerns distinct acyl-CoA 

profiles in mitochondria versus cytosol.

SILEC-SF detects mitochondria-specific response to hypoxia

We next sought to validate the SILEC-SF method using a biologically relevant perturbation 

that would impact acyl-CoAs in subcellular compartments in a predictable manner. 
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Hypoxia promotes reductive carboxylation of α-ketoglutarate (αKG) in the mitochondria, 

directing glutamine-derived carbons to citrate production and away from succinyl-CoA 

production (Metallo et al., 2011) (Figure 3A). Thus, reduced mitochondrial succinyl-CoA 

was anticipated under hypoxia. We first assessed the effect of hypoxia exposure on acyl-

CoAs in whole HepG2 cells with rapid direct extraction. Succinyl-CoA was substantially 

reduced (∼50%) under hypoxia, whilst acetyl-CoA was minimally impacted (Figure 3C). 

SILEC-SF analysis revealed that succinyl-CoA was markedly reduced specifically in the 

mitochondrial compartment in hypoxia (Figure 3B, D). In contrast, cytosolic succinyl-CoA 

was only modestly impacted by hypoxia, indicating an independently regulated metabolic 

pool (Figure 3D). Mitochondrial acetyl-CoA was also markedly reduced by hypoxia despite 

a minimal change in whole cell pools, consistent with the majority of cellular acetyl-CoA 

being cytosolic and demonstrating that subcellular analysis can uncover metabolic changes 

in compartments that contain smaller pools of a given metabolite. We also assessed 

compartmentalized abundance of a panel of short chain acyl-CoAs (log transformed data 

Figure 3E, untransformed data Figure S4A), finding that hypoxia resulted in reduced 

abundance of multiple acyl-CoAs in mitochondria but not in cytosol. These data demonstrate 

that SILEC-SF detects compartment-specific changes in acyl-CoA abundance in response to 

biological perturbation.

SILEC-SF improves on internal standard addition after fractionation

To further validate the method, we next tested the extent to which SILEC-SF improves on 

metabolite quantification over conventional addition of internal standards after fractionation, 

and accounts for sample loss and metabolic activity during processing. For these tests, we 

leveraged the compartmentalized response to hypoxia. First, to assess the effectiveness of 

SILEC-SF compared to conventional addition of internal standard after fractionation (Figure 

3B versus Figure 3F), data for each method were compared across 3 separate experiments 

carried out on separate days. Although the conventional method reproduced the core result 

of mitochondrial-specific succinyl-CoA reduction under hypoxia, the variability was greater 

and data on other lower abundance acyl-CoAs was inconsistent between experiments (Figure 

3G). Therefore, SILEC-SF improves quantification over conventional addition of internal 

standard after fractionation.

We next asked whether SILEC-SF accounts for metabolic activity during processing. 

We previously demonstrated that post-harvest metabolism occurs during fractionation by 

assessing the incorporation of isotope labeled substrates introduced during fractionation 

into metabolic products (Trefely et al 2019). We applied post-harvest labeling to assess 

the extent to which SILEC internal standards account for post-harvest metabolism (Figure 

S5). 13C5-glutamine was used since it is a substrate for succinyl-CoA generation. 13C5-

glutamine was incorporated as an additional 13C4-label into succinyl-CoA M4 (unlabeled 

CoA derived from experimental cells) and SILEC succinyl-CoA M4 (heavy CoA derived 

from internal standard cells). Differences in post-harvest metabolism were apparent between 

fractions (5–11% in mitochondria and debris versus <1% in cytosol), but were comparable 

within each fraction in the experimental and internal standard molecules. This indicates 

that SILEC internal standards undergo compartment-specific post-harvest metabolic changes 

mirroring those in experimental cells, and can thus account for these changes by retaining 
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the differences between internal standard and experimental analyte across samples. Together 

these data indicate that SILEC-SF improves subcellular acyl-CoA quantitation in part by 

accounting for post-harvest metabolism.

Cytosolic HMG-CoA is exquisitely sensitive to acetate supply

Having validated that SILEC-SF can measure acyl-CoA abundance changes within 

mitochondria, we examined the detection of changes in cytosolic acyl-CoA pools. We 

leveraged two models of ATP-citrate lyase (ACLY) deficiency, Acly-/- mouse embryonic 

fibroblasts (MEFs) (Zhao et al., 2016) and Acly-/- murine liver cancer cells, which both rely 

on acetate to supply cytosolic acetyl-CoA via Acyl-CoA Synthetase Short Chain Family 

Member 2 (ACSS2): (Figure S6A). Within the cytosol, acetyl-CoA is used for generation 

of malonyl-CoA for fatty acid synthesis and HMG-CoA in the mevalonate pathway for 

synthesis of sterols (Figure 4A). We first investigated the relationship between acetate 

dose and acyl-CoA abundance in whole cells using direct rapid extraction of metabolites. 

Cells were incubated in 0, 0.1, or 1 mM acetate, and the dose response was compared 

across 8 short chain acyl-CoA species quantified (Figure 4B, Figure S6B-D). This analysis 

revealed that HMG-CoA is severely depleted upon acetate withdrawal and increases 10–40 

fold with increasing acetate supplementation in Acly-/- cells (Figure 4C). Acetyl-CoA was 

also sensitive to exogenous acetate, but the concentration changed by only 2–3 fold in the 

presence or absence of acetate (Figure 4C). In contrast, malonyl-CoA was not depleted 

upon acetate withdrawal, even though it is also produced from cytosolic acetyl-CoA (Figure 

4B, Figure S6B-D). Acyl-CoAs in control (Aclyf/f) cells were largely unaffected by acetate 

supplementation (Figure 4B-C, Figure S6D).

We predicted that the dose-responsive change in HMG-CoA abundance occurs specifically 

in the cytosol, since our prior tracing analyses demonstrated a close kinetic relationship 

between cytosolic acetyl-CoA and HMG-CoA labeling from acetate (Trefely et al., 2019). 

We performed SILEC-SF to compare acyl-CoAs in the cytosolic and mitochondrial 

compartments in cells cultured in low versus high concentrations of acetate (Figure 4D). 

Importantly, the direct extraction and SILEC-SF whole cell data reported consistent trends 

(Figure S6B & C, Figure S7A & B). Acetyl-CoA was not significantly different between low 

and high acetate in either mitochondrial or cytosolic compartments (Figure 4D). HMG-CoA, 

however, responded to acetate dose specifically in the cytosolic and not in the mitochondrial 

compartment of Acly-/- cells (Figure 4D). The significant response of cytosolic HMG-CoA 

to acetate dose was unique amongst a panel of 6 to 7 short chain acyl-CoA species 

quantified in the cytosol of Acly-/- MEF and liver cancer cells (Figure S7A & B). Together, 

the data indicate that SILEC-SF can report on perturbations to cytosolic acyl-CoA pools and 

show that in the absence of ACLY, cytosolic HMG-CoA is highly sensitive to and dependent 

on exogenous acetate availability.

SILEC-SF reveals distinct nuclear acyl-CoA profiles, including enrichment of propionyl-
CoA

We next applied SILEC-SF to the quantitation of acyl-CoAs within the nucleus, with the 

goals of understanding if the nucleus is metabolically distinct from the cytosol, and if this 

approach can be used to gain novel insights into links between metabolism and chromatin 
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modification. Nuclear metabolite quantitation is a particular challenge due in part to large 

nuclear pores through which small molecules can diffuse. We reasoned that this leak could 

be accounted for by parallel changes in internal standard nuclei in the SILEC-SF approach.

We applied SILEC-SF using a rapid differential centrifugation protocol to separate nuclei 

from non-nuclear fractions (Figure 5A). We first applied this to quantitation of nuclear-

specific acetyl-CoA in an adipocyte differentiation model, since histone acetylation and 

whole cell acetyl-CoA abundance increase markedly during this process (Fernandez et al., 

2019; Wellen et al., 2009). A 5-fold increase in nuclear acetyl-CoA was measured upon 

differentiation induction (day 3 versus day 0), correlating with histone acetylation (Figure 

5B). Perhaps unsurprisingly, acetyl-CoA increased during differentiation not only in the 

nucleus, but also in whole cell lysate and the non-nuclear fraction (Figure 5B). Thus, 

SILEC-SF applied to adipocyte differentiation demonstrated the correlation between nuclear 

acetyl-CoA abundance and histone acetylation, but did not allow for discernment of whether 

nuclear acyl-CoA profiles are distinct from that in other compartments.

To further investigate the potential for nuclear-specific acyl-CoA regulation, we applied 

SILEC-SF to nuclear acyl-CoA quantification in HepG2 cells with hypoxia (Figure 

5D, Figure S8, Figure S4B). We first confirmed that whole cell lysate data from the 

nuclear and mitochondrial fractionation protocols were consistent, indicating the validity of 

comparisons between nuclear acyl-CoA pools and those in other compartments across these 

experiments (Figure 5C-D). Remarkably, comparison of acyl-CoA quantification across 

different fractions revealed that the nuclear metabolite profile was distinct from whole cells 

and other compartments including the cytosol (Figure 5C-D). Notably, propionyl-CoA was 

substantially enriched in the nucleus compared to the cytosol, highlighted by examination 

of acetyl-CoA: propionyl-CoA ratio across subcellular fractions (Figure 5E). Acetyl-CoA 

and propionyl-CoA are approximately equimolar in the nucleus, whereas in the whole cell 

lysate, cytosolic and non-nuclear fractions, acetyl-CoA is more abundant. The non-nuclear 

acyl-CoA profile closely reflected that of the whole cell lysate, indicating that the nuclear 

acyl-CoA pool did not contribute substantially to the whole cell acyl-CoA abundance 

(Figure 5D, Figure S8). The wash fraction also reflected the non-nuclear and whole cell 

lysate (Figure 5D, Figure S8), suggesting that the wash was necessary to remove residual 

non-nuclear material from the purified nuclear pellet. We ruled out artifactual release of 

propionate from chromatin during processing as an explanation for high nuclear propionyl-

CoA by including deacetylase inhibitors in fractionation buffer (Figure S9). Mitochondrial 

contamination was not indicated since the profile of acyl-CoAs in the mitochondrial fraction 

and the nuclear fraction were distinct (Figure 5C vs Figure 5D). Thus, SILEC-SF reveals 

reproducible nuclear acyl-CoA profiles with a unique enrichment for propionyl-CoA within 

the nucleus.

Isoleucine catabolism contributes to nuclear propionyl-CoA generation and histone lysine 
propionylation (Kpr) marks

We next addressed the metabolic origin of nuclear propionyl-CoA. Pathways for endogenous 

propionyl-CoA generation are annotated to the mitochondria, where its metabolic fate 

is to enter the TCA cycle via succinyl-CoA (Figure 6A), although it may also leave 
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the mitochondria via the carnitine shuttle (Trefely et al., 2020). We first assessed the 

substrate contribution to total cellular propionyl-CoA by stable isotope tracing of a panel 

of uniformly 13C-labeled substrates followed by direct extraction of whole cells. Strikingly, 

isoleucine labeling into propionyl-CoA M3 contributed ∼30 – 50% of the propionyl-CoA 

pool across three cancer cell lines in the absence of propionate (Figure 6B). This accounts 

for the majority of cellular propionyl-CoA since the tracer was 50% diluted with unlabeled 

isoleucine. In contrast, the contribution of isoleucine to the cellular acetyl-CoA pools was 

<1%, and to succinyl-CoA pools varied across cell lines (<1% to 15%) (Figure S10). This 

reflects that other major carbon sources such as glucose and glutamine feed acetyl-CoA 

and succinyl-CoA pools, in contrast to propionyl-CoA (Figure 6A, Figure S10). When 

supplemented as a positive control, propionate also fed into propionyl-CoA pools in all 

3 cell lines (Figure 6B). Since isoleucine was the dominant substrate for propionyl-CoA 

generation in the absence of supraphysiological propionate, we tested the potential for 

isoleucine to contribute to nuclear propionyl-CoA using subcellular kinetic analysis with 

isotope post-labeling to correct for post-harvest metabolic activity (Trefely et al., 2019). 

Nuclear propionyl-CoA was labeled ∼20% by 1:1 13C6-isoleucine: unlabelled isoleucine 

in KPC cells, indicating that the propionyl-CoA pool in the nucleus can be substantially 

derived from isoleucine (Figure 6C). Thus, nuclear propionyl-CoA pools are derived, at least 

in part, from BCAA catabolism.

Since acyl-CoAs are acyl-donors for histone lysine acylation marks, we hypothesized that 

isoleucine-derived propionyl-CoA in the nucleus could be used a substrate for histone 

propionylation (Figure 6D). To directly interrogate this, we examined the incorporation of 
13C6-isoleucine into histone propionyl-lysine (Kpr) marks. 13C3 label incorporation into Kpr 

was measured using the 4 best detectable peptides modified with endogenous propionylation 

(H2AK5pr, H4K16pr, H3K23pr and H2K14pr). Increasing label incorporation was observed 

in H2AK5pr, H4K16pr and H3K23pr, but not in H2K14pr, in cells incubated in 13C6-

isoleucine (Figure 6E), demonstrating the direct contribution of propionate acyl-chains with 

all three carbons from isoleucine into histone Kpr marks.

Nuclear propionyl-CoA responds to BCAA supply

We hypothesized that BCAA availability would impact both nuclear propionyl-CoA and 

histone Kpr marks since isoleucine directly supplies carbons for both. To test this, cells 

were incubated in media lacking isoleucine and valine. Nuclear acyl-CoA analysis revealed 

a substantial (4–5 fold) decrease in propionyl-CoA after 24 h of deprivation of these 

amino acids (Figure 7A-B). Propionyl-CoA in the whole cell and non-nuclear fraction 

mirrored the nuclear trends (Figure 7A). Nuclear acetyl-CoA, in contrast, was only 

modestly impacted under these conditions (Figure 7A-B). Withdrawal of isoleucine and 

valine also resulted in strikingly reduced cellular propionylcarnitine (Figure 7C), as well 

as extrusion of propionylcarnitine into the extracellular media, correlating with nuclear 

propionyl-CoA (Figure 7D). These data indicate nuclear propionyl-CoA pools are sensitive 

to the availability of BCAAs and also suggest a plausible pathway for nuclear propionyl-

CoA generation via propionylcarnitine.
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Isoleucine and valine supply controls specific histone lysine propionylation (Kpr) marks

Since nuclear propionyl-CoA was responsive to isoleucine and valine withdrawal, we used 

this as a model to test the relevance of nuclear propionyl-CoA in regulating histone Kpr. 

Western blot analysis of acid extracted histones using pan Kpr and lysine acetylation 

(Kac) antibodies showed no notable change in either modification (Figure S11A). This was 

surprising given the substantial metabolic shift detected in nuclear propionyl-CoA and raised 

the possibility that there might be cross reactivity in the Kpr antibodies (Simithy et al., 2017) 

and/or selective sensitivity in Kpr marks to isoleucine availability.

Acyl proteomic analysis (Sidoli et al., 2019a) was employed to analyze specific histone 

peptide modifications. A total of 171 distinctly modified histone peptides comprising 10 

different chemical modifications across 15 histone peptides were quantified, including 15 

distinct histone Kpr sites (Figure 7E, Figure S11B). Kpr marks were proportionally the most 

significantly regulated of all marks with 4 out of 15 quantified Kpr sites being significantly 

downregulated, H3K23, H3K18, H3K64 and the H4 peptide from amino acid 4 to 17, which 

contains four possible modifiable residues (K5, K8, K12 or K16). The progressive loss of 

Kpr at these sites over a 24 h time-course corresponds to the drop in nuclear propionyl-CoA 

(Figure 7F). Consistent with the relatively unchanged acetyl-CoA, the degree of change in 

Kac is small compared to Kpr, as seen by comparing the Kac and Kpr regulation in the 3 

sites with significantly downregulated Kac (Figure S12A). Ranking of Kpr marks by average 

percent intensity gives a semi-quantitative indication of their abundance (Figure S12B). 

Interestingly, the Kpr sites top ranked by signal intensity are not regulated by isoleucine 

and valine withdrawal, which is consistent with the negative pan Kpr antibody data. Thus, 

nuclear propionyl-CoA supply is sensitive to the supply of BCAAs and regulates Kpr 

abundance at specific histone lysine sites.

Discussion:

We present SILEC-SF, a rigorous isotope dilution approach to subcellular quantitation of 

acyl-CoAs. This represents a critical advance that enables direct analysis of the mechanistic 

relationship between acyl-CoA supply and functional outputs of acyl-CoA metabolism 

including protein acylation and metabolic pathway activity, which are distinct between 

subcellular compartments.

Quantification of compartmentalized metabolite pools was previously approached by 

several methods. Genetically encoded fluorescent metabolite sensors can be targeted to 

specific compartments, and have been applied to a limited set of metabolites (Jaffrey, 

2018; Okumoto et al., 2012; Zhang et al., 2018). However, these methods have technical 

limitations in that they require highly engineered experimental settings, and probes generally 

do not allow simultaneous monitoring of multiple metabolites. Mass spectrometry (MS) 

has the advantage of direct and highly multiplexed analyses. Imaging MS has shown 

utility in measurement of intracellular drug concentration (Lee et al., 2017) as well as 

endogenous metabolites in extracellular vesicles (Legin et al., 2014; Thomen et al., 2020), 

and membrane-specific measurements of cholesterol and lipid species (Dueñas et al., 2017; 

Niehaus et al., 2019) but the processing, sensitivity, and spatial resolution required to 

achieve robust organelle-specific quantitation for many metabolites is limiting (Bowman et 
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al., 2020). Cellular fractionation can be scaled for appropriate quantitation of a range of 

biomolecules and organelles in multiple biological systems (Bayraktar et al., 2019; Chen et 

al., 2016, 2017; Dietz, 2017; Fly et al., 2015; Krueger et al., 2014; Ray et al., 2020; Satori 

et al., 2012; Wyant et al., 2017; Xiong et al., 2019). As discussed, however, fractionation is 

disruptive to metabolism and can introduce artifacts (Trefely et al., 2019). The innovation of 

SILEC-SF mitigates these problems by introducing internal standards as whole cells before 

fractionation.

By applying SILEC-SF to nuclear analysis, we make the intriguing observation that 

propionyl-CoA is enriched within the nucleus relative to other compartments. This is 

compelling because histone lysine propionylation, which uses propionyl-CoA as a substrate, 

has been identified as a dynamically regulated chromatin modification associated with 

active gene transcription (Kebede et al., 2017; Lagerwaard et al., 2021; Liu et al., 2009; 

Simithy et al., 2017), although the abundance and sources of propionyl-CoA in the nucleus 

are unclear (Trefely et al., 2020). We identify isoleucine as a source of nuclear propionyl-

CoA that also feeds into histone lysine propionylation. These findings open up numerous 

questions for future investigation. Firstly, what are the mechanisms of nuclear propionyl-

CoA production? Isoleucine catabolism occurs in the mitochondria and mechanisms for 

transport of metabolic intermediates in this pathway to the nucleus are unknown. Carnitine 

acetyltransferase (CrAT) have been implicated in the supply of isoleucine derived propionyl-

CoA for cytosolic odd chain fatty acid synthesis (Crown et al., 2015; Green et al., 2015; 

Wallace et al., 2018), and similar mechanisms could plausibly feed into nuclear propionyl-

CoA pools. Consistent with this possibility, we find that propionylcarnitine abundance 

is highly sensitive to BCAA availability in cells and media. Secondly, how is nuclear 

enrichment of propionyl-CoA maintained versus the cytosol? Future studies can address 

whether propionyl-CoA is generated within the nucleus or whether there exist mechanisms 

that allow for its nuclear enrichment relative to other acyl-CoAs.

Our discovery that Kpr marks at specific histone sites are correlated to nuclear propionyl-

CoA, raises the question of how such specificity is achieved. One possibility is that enzymes 

responsible for propionyl-CoA generation are physically linked to multiprotein complexes 

targeted to specific histone sites as has been reported for histone succinylation (Wang 

et al., 2017). Another possibility is that acyl transferase enzymes sensitive to propionyl-

CoA concentration (or relative concentration in competition with other acyl-CoA species) 

preferentially modify specific histone sites. Another question is how these chromatin 

modifications are linked to cell function and disease, particularly since BCAAs play an 

important role in a multiple disease processes including cancer and insulin resistance 

(Neinast et al., 2019; Sivanand and Vander Heiden, 2020; White et al., 2021). Interestingly, 

recent evidence indicates that isoleucine is a major driver of the adverse metabolic response 

to dietary BCAAs (Yu et al., 2021). Future investigations will illuminate the roles of 

isoleucine metabolism in regulating Kpr marks in disease processes.

In summary, SILEC-SF provides a rigorous approach for measurement of subcellular 

metabolite pools. This approach can be applied to probe compartmentalized metabolic 

responses, including that within the nucleus. This study illustrates application of this method 

to elucidate a connection between nutrient metabolism and chromatin modification.
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Limitations of the study:

Significant limitations of the approach that should be considered include 1) number of 

metabolites that can be analyzed and 2) relative versus absolute quantification within 

compartments. SILEC-SF depends on internal standards that can be labeled within cells 

from essential nutrients, thus limiting analysis to specific classes of metabolites such as acyl-

CoAs. In principle, SILEC-SF has the potential to be applied to other classes of metabolites 

that can be completely labeled such as nicotinamide adenine dinucleotide (Frederick et al., 

2017). Secondly, since incomplete recovery of compartments is inherent in fractionation, 

SILEC-SF does not at this stage allow for absolute quantification of the concentration of 

metabolites within distinct compartments. Therefore, we report relative molar amounts of 

acyl-CoAs recovered within compartments.

It is also important with this approach to carefully consider cell lines and conditions used 

to generate internal standards, since SILEC-SF accuracy depends on the extent to which 

internal standards recapitulate artifacts generated by fractionation. Experimental conditions 

have the potential to change the nature of those artifacts, and in some cases, it may be useful 

to consider subjecting internal standard cells to the same manipulations as experimental 

cells. Second, there are limits to matching SILEC cells for tissues since cell lines are 

required for the generation of SILEC internal standards. Similar limitations have been 

noted for stable isotope labeling of amino acids in cell culture (SILAC) based protein 

internal standardization. Although SILAC mice have been generated (Krüger et al., 2008), 

practitioners still commonly use cell based internal standards (Monetti et al., 2011).

STAR METHODS:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to the Lead Contact (Nathaniel W. Snyder, NateWSnyder@temple.edu).

Materials availability—Unique reagents generated in this study are murine liver cancer 

cell lines Aclyf/f (clone D42) and Acly−/− (clone D42C4), available upon request.

Data and code availability

• All raw mass spectrometry data files from histone acyl-proteomic analysis in this 

study have been submitted to the Chorus repository (https://chorusproject.org/

pages/index.html) under project number 1724.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture—Cells were maintained at 37 °C and 5% CO2 and passaged every 2–3 days 

at 80% confluence. Refer to Key Resources Table for cell line details. All cells were tested 
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using MycoAlert Mycoplasma Detection Kit (Lonza Cat. #LT07–418) and mycoplasma-

free. Specific culture conditions for each cell line used in this study are detailed in Table S1.

Murine liver cancer cell generation—Aclyf/f liver cancer cell line (clone D42) was 

generated from an Aclyf/f C57Bl/6J mouse (Zhao et al., 2016) that had liver tumors induced 

by a single-administration of diethylnitrosamine (25 mg/kg) via intraperitoneal injection 

at 2 weeks of age and high-fructose diet (Tekland TD.89247) starting at 6 weeks of 

age. Following euthanasia at 9 months of age, a palpable tumor was excised from the 

liver avoiding surrounding tissue. The tumor was digested using Liver Dissociation Kit 

(Miltenyi Cat. #130–105-807), and subject to manual dissociation by pipette to form a 

single cell suspension in DMEM F-12, 10% heat-inactivated FBS, penicillin/streptomycin, 

and ITS+ Premix Universal Culture Supplement mix (Corning Cat. # 354352). The single 

cell suspension was seeded onto a collagen-coated 6 cm tissue culture dish. Fibroblasts 

were depleted by differential trypsinization – cells were trypsinized and detached cells were 

removed by gentle rinsing with PBS and aspiration. The remaining adherent cells were 

trypsinized and reseeded using a limiting dilution to derive a proliferating clonal population. 

After clonal expansion, cells were maintained in DMEM/F-12 with standard 10% calf serum 

and then DMEM 10% calf serum. Acly−/− liver cancer (clone D42C4) cells were generated 

from Aclyf/f liver cancer cells (clone D42) infected with adenoviral Cre recombinase 

obtained from the University of Pennsylvania Vector Core. Single cell clonal D42 Acly−/− 

cell lines were then generated by limiting dilution and ACLY loss was validated by Western 

blot. Cell lines were generated while cultured in DMEM/F-12 media (Gibco #11320033) 

supplemented with 10% (v/v) fetal calf serum and penicillin/streptomycin.

Human heart tissue—Heart tissue was derived from a male organ donor with no history 

of heart failure, diabetes mellitus or obesity. All study procedures were approved by the 

University of Pennsylvania Hospital Institutional Review Board, and prospective informed 

consent for research use of heart tissue was obtained from organ donor next-of-kin. The 

heart received in-situ cold cardioplegia and was placed on wet ice in 4 °C Krebs-Henseleit 

Buffer. Transmural left ventricular samples, excluding epicardial fat, were cut into 20 mg 

pieces and each piece was immediately transferred to a pre-chilled 1 ml Potter-Elvehjem 

Tissue Grinder (Corning cat. #7725T-1) containing SILEC Hepa1c17 cells in buffer (2.7 E7 

cells/sample) and subjected to fractionation as described below.

Mouse liver tissue—All animal studies were carried out in accordance with the IACUC 

guidelines of the University of Pennsylvania. Male C57Bl6 mice fed ad libitum on a chow 

diet (Laboratory Autoclavable Rodent Diet 5010, LabDiet cat #0001326) were sacrificed at 

5 months old by cervical dislocation. The median lobe was removed to a dish on ice and 

a 15 mg piece cut. After weighing, the piece was immediately transferred to a pre-chilled 

1 ml Potter-Elvehjem Tissue Grinder containing SILEC HepG2 cells (∼1E7 cells/sample) 

in fractionation buffer and subjected to mitochondria and cytosol isolation by differential 

centrifugation as described below.

Hypoxic treatment—HepG2 cells were incubated under 20% (normoxia) or 1% (hypoxia) 

oxygen with 5% CO2 and 70% humidity for 24 h before harvest. Media was equilibrated 
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before cell treatment by preincubation in hypoxic or normoxic incubator for 24 h. Cells 

were serum starved in DMEM (Gibco cat #A1443001) containing 5 mM glucose and 2 mM 

glutamine under their respective oxygen tensions for 2 h before harvest. Serum starvation 

was used to avoid potential variability in metabolic response to serum batches, which could 

vary between experiments.

Isoleucine and valine withdrawal—Cells were washed with PBS and media replaced 

with withdrawal media. Withdrawal media: DMEM base lacking amino acids, glucose, 

pyruvic acid and phenol red (Biological Life Science D9800–26) was reconstituted with 

glucose (4.5 g/L), glutamine (2 mM), and other amino acids except for isoleucine and 

valine according to DMEM standard formulation (Dulbecco and Freeman, 1959). NaOH and 

HEPES (25 mM) was added to adjust to pH7.4 and dialyzed fetal bovine serum (Gemini 

Biosciences Cat. # 100–108) was added to 10% (v/v).

METHOD DETAILS

Whole cell direct extraction—Media was removed by decanting and cell dishes were 

placed on ice at an angle to drain and aspirate residual media. Cells were extracted by 

addition of 1 ml 10% trichloroacetic acid (w/v) in water as described previously (Trefely 

et al., 2019). Internal standard (100 μl internal standard generated in yeast (Snyder et al., 

2015)/sample) was added to cell dishes. Cells were scraped into the trichloroacetic acid and 

transferred to 1.5 ml tubes on ice then either processed directly or stored at −80 °C. Standard 

curves were generated in parallel by addition of equal aliquots of internal standard to serial 

dilutions of acyl-CoA standard mixture (Table S2).

Stable isotope tracing in whole cells—For experiments involving 50% diluted 

isoleucine, valine, or leucine tracer, cells were preincubated in serum-free DMEM (Thermo 

Fisher Scientific, Gibco #11965084) for 8 hours before media was exchanged for tracing 

media. Cells were incubated in tracing media at 37 °C and 5% CO2 for 18 hours before 

whole cell direct extraction. Tracing media was prepared using DMEM base lacking glucose 

or glutamine (Thermo-Fisher scientific, Gibco cat. #A1443001). Glucose was replaced at 

(4.5 g/L), and glutamine at (584 mg/L) and additional isoleucine (105 mg/L), valine (94 

mg/L) and leucine (105 mg/L) were added. Except for the targeted experimental tracer 

(U13C, see Key Resouces Table), all additives were unlabeled. Total substrate concentrations 

were equal across all samples except propionate, which was added only to the U13C-

propionate tracing samples at 1 mM.

For experiments with undiluted isoleucine labeling, cells were washed with PBS and tracing 

media was added before incubation at 37 °C and 5% CO2. Tracing media was prepared 

from DMEM base lacking Amino Acids, Glucose, Pyruvic Acid and Phenol Red (Biological 

Life Science D9800–26) reconstituted with glucose (4.5 g/L), glutamine (2 mM), and other 

unlabeled amino acids according to DMEM standard formulation (Dulbecco and Freeman, 

1959) except for isoleucine which was added as 13C6-isoleucine to (105 mg/L). NaOH 

and HEPES (25 mM) was added to adjust to pH7.4 and dialyzed fetal bovine serum 

(Gemini Biosciences Cat. # 100–108) was added to 10% (v/v) to avoid potential propionate 

contamination from undialyzed serum.
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Subcellular stable isotope tracing with post-labeling—Murine pancreatic ductal 

adenocarcinoma (KPC) cells were incubated with U13C-isoleucine tracer before 

fractionation as described above. Fractionation with post-labeling was carried out as 

previously described (Trefely et al., 2019) by addition of U13C-isoleucine (525 mg/L) and 

unlabeled isoleucine (525 mg/L) to fractionation buffer.

SILEC-SF protocol

SILEC cell generation: SILEC labeling was performed in multiple cell lines to match 

experimental cells. This is achieved through the passaging of cells in 15N1
13C3-pantothenate 

(Vitamin B5) for at least 9 passages as previously described (Basu et al., 2011; Frey et al., 

2016; Snyder et al., 2015). Labeling of SILEC cells should be >99% to avoid contamination 

of unlabeled signal. Each batch of charcoal:dextran stripped fetal bovine serum was tested 

for sufficient labeling efficiency since this can vary from batch to batch (Snyder et al., 2014). 

The ‘standard 0’ sample, which contained only SILEC cells, was used to validate labeling 

efficiency in each experiment. SILEC labeling efficiency was calculated after acyl-CoA 

analysis using formula 1 below.

Labeling efficiency
= peak intensitylabeled/ peak intensityunlabeled + peak intensitylabeled *100 (1)

SILEC cells should be matched as closely as possible to experimental cells to ensure that 

biochemical fractionation will perform equivalently and that postharvest metabolic capacity 

is appropriately matched. Cell lines used as SILEC internal standards for tissues should be 

chosen based on the following criteria: 1) similar properties in fractionation 2) amenable 

to cell culture and SILEC labeling (fast growing cell lines allow fast approach to complete 

SILEC labeling and sufficient material to match tissue). For SILEC-SF experiments in 

cultured cell lines, the same cell line was used to generate SILEC internal standards.

SILEC media was prepared by the addition 15N1
13C3-pantothenate (Isosciences) (1 mg/L) 

to custom pantothenate free DMEM (Gibco, Thermo Fisher Scientific) containing 25 mM 

glucose and 4 mM glutamine with all other components at concentrations according to the 

standard formulation (Dulbecco and Freeman, 1959). Charcoal:dextran stripped fetal bovine 

serum (Gemini Biosciences cat. #100–199) was added up to 10% (v/v).

Mitochondrial/cytosolic differential centrifugation protocol: Mitochondrial and cytosolic 

fractions were isolated by classical differential centrifugation protocol (Clayton and Shadel, 

2014; Frezza et al., 2007), with adaptations for speed and purity (illustrated in Figure 2A). 

SILEC cells matched to the experimental cell type were harvested before experimental cells. 

To reduce potential for interference from the small fraction of unlabeled acyl-CoA in SILEC 

cells, and the expense of each experiment, SILEC internal standards were added at lower 

abundance than experimental cells but maintained within the same order of magnitude for 

analytical robustness. Thus, one third to one half the amount of SILEC cells were used for 

each experimental cell sample (n). Experimental cell numbers used per sample in this study: 

∼4E5 brown adipocytes (confluent 10 cm dish), ∼0.6E5 MEFs/sample (80% confluent 15 
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cm dish), ∼1E7 HepG2 cells/sample (80% confluence 10 cm dish). See Data S1 for step-by 

step protocol.

Nuclear isolation by differential centrifugation protocol: Nuclear isolation was achieved 

by detergent assisted hypoosmotic lysis and differential centrifugation (illustrated in Figure 

5A). SILEC cells matched to the experimental cell type were harvested before experimental 

cells. Experimental cell numbers used per sample in this study: ∼0.5E7 KPC cells/sample 

(80% confluent 10 cm dish), ∼1E7 HepG2 cells/sample (80% confluence 10 cm dish). See 

Data S1 for step-by step protocol.

Mito-IP protocol: Mitochondrial immunoprecipitation (Mito-IP) was performed as 

described (Chen et al., 2017) with adjustments to accommodate SILEC internal standard 

addition and acyl-CoA extraction in trichloroacetic acid. HepG2 cells were infected 

with retrovirus generated in Pheonix-AMPHO cells transfected with pMXS-3XHA-EGFP-

OMP25 construct. Following selection with blasticidin (5 ug/ml) Mito tag expressing 

cells were sorted into 3 categories (low/no expression, medium and high) based on GFP 

expression level using a BD FACSJazz cell sorter. Medium expression cells were cultured 

for further use. SILEC cells were generated by passaging these cells in SILEC media as 

described above. ∼1E7 HepG2cells/sample (80% confluent 15 cm dish) were used in this 

study. See Data S1 for step-by step protocol.

Acyl-CoA sample processing and analysis by LC-MS—Samples were thawed and 

kept on ice throughout processing. Cell and fraction samples in 10% (w/v) trichloroacetic 

acid in water were sonicated for 12 × 0.5 s pulses, protein was pelleted by centrifugation at 

17,000 ×g from 10 min at 4 °C. The supernatant was purified by solid-phase extraction using 

Oasis HLB 1cc (30 mg) SPE columns (Waters). Columns were washed with 1 mL methanol, 

equilibrated with 1 mL water, loaded with supernatant, desalted with 1 mL water, and eluted 

with 1 mL methanol containing 25 mM ammonium acetate. The purified extracts were 

evaporated to dryness under nitrogen then resuspended in 55 μl 5% (w/v) 5-sulfosalicylic 

acid in water.

Acyl-CoAs were measured by liquid chromatography-high resolution mass spectrometry. 

5–10 μl of purified samples in 5% SSA were analyzed by injection of an Ultimate 

3000 Quaternary UHPLC coupled to a Q Exactive Plus (Thermo Scientific) mass 

spectrometer in positive ESI mode using the settings described previously (Frey et al., 2016). 

Quantification of acyl-CoAs was via their MS2 fragments and the targeted masses used for 

isotopologue analysis are indicated in Table S3. Data were integrated using Tracefinder v4.1 

(Thermo Scientific) software. Isotopic enrichment in tracing experiments was calculated 

by normalization to unlabeled control samples using the FluxFix calculator (Trefely et al., 

2016).

Histone acid extraction—Histones acid extraction was performed as previously 

described (Sidoli et al., 2016). For each sample, a 10 cm dish of 80% confluent cells was 

washed with ice-cold PBS on ice. Cells were scraped in 0.25 ml of NIB-250 buffer (15 

mM Tris-HCl (pH 7.5), 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, 250 mM 

sucrose, 1 mM DTT, 10 mM sodium butyrate, 1× protease inhibitor cocktail (Sigma-Aldrich 
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P8340)) + 0.1% NP-40. Nuclei were pelleted by centrifugation at 600 ×g for 5 min at 

4°C. The pellet was washed twice by addition of 0.25 ml NIB-250 buffer without NP40, 

centrifugation at 600 ×g, and removal of supernatant. Nuclear pellet was resuspended in 0.6 

ml of 0.4N H2SO4 and extraction with rotation at 4°C for 16 h. Centrifugation at 11,000 

×g for 10 min at 4°C sedimented precipitate. The supernatant was taken to a new 1.5 ml 

tube and histones were precipitated on ice for 16 h by addition of 100% (w/v) trichloroacetic 

acid to a final concentration of 20%. The histone pellet was sedimented by centrifugation at 

11,000 ×g for 10 min at 4°C. Supernatant was removed and the histone pellet was washed 

with 1 ml acetone with 0.1% 12N HCl and centrifuged at 11,000 ×g for 10 min at 4°C. 

Pellet was washed again with 1 ml acetone and air dried.

Histone acyl proteomic analysis

Histone digestion: Acid extracted histone pellets were dissolved in 50 mM ammonium 

bicarbonate, pH 8.0, and histones were subjected to derivatization as previously described 

(Sidoli et al., 2019b). Briefly, intact histones were mixed with 5 μL of deuterium-labeled 

propionic anhydride (propionic anhydride-d10) rapidly followed by 14 μL of ammonium 

hydroxide (Sigma-Aldrich) to adjust to pH 8.0. The mixture was incubated for 15 min 

and the procedure was repeated. Histones were then digested with 1 μg of sequencing 

grade trypsin (Promega) diluted in 50 mM ammonium bicarbonate (1:20, enzyme:sample) 

overnight at room temperature. Derivatization reaction was repeated to derivatize peptide 

N-termini. The samples were dried in a vacuum centrifuge. Prior to mass spectrometry 

analysis, samples were desalted using a 96-well plate filter (Orochem) packed with 1 mg of 

Oasis HLB C-18 resin (Waters). Briefly, the samples were resuspended in 100 μl of 0.1% 

TFA and loaded onto the HLB resin, which was previously equilibrated using 100 μl of the 

same buffer. After washing with 100 μl of 0.1% TFA, the samples were eluted with a buffer 

containing 70 μl of 60% acetonitrile and 0.1% TFA and then dried in a vacuum centrifuge.

LC-MS/MS acquisition: Samples were resuspended in 10 μl of 0.1% TFA and loaded onto 

a Dionex RSLC Ultimate 3000 (Thermo Scientific), coupled online with an Orbitrap Fusion 

Lumos (Thermo Scientific). Chromatographic separation was performed with a two-column 

system, consisting of a C-18 trap cartridge (300 μm ID, 5 mm length) and a picofrit 

analytical column (75 μm ID, 25 cm length) packed in-house with reversed-phase Repro-Sil 

Pur C18-AQ 3 μm resin. Histone peptides were separated using a 30 min gradient from 

1–30% buffer B (buffer A: 0.1% formic acid, buffer B: 80% acetonitrile + 0.1% formic 

acid) at a flow rate of 300 nl/min. The mass spectrometer was set to acquire spectra in a 

data-independent acquisition (DIA) mode using isolation windows as previously described 

(Sidoli et al., 2015). Briefly, the full MS scan was set to 300–1100 m/z in the orbitrap with a 

resolution of 120,000 (at 200 m/z) and an AGC target of 5×10e5. MS/MS was performed in 

the orbitrap with sequential isolation windows of 50 m/z with an AGC target of 2×10e5 and 

an HCD collision energy of 30.

Histone acyl proteomics LC-MS/MS analysis: Histone peptides raw files were imported 

into EpiProfile 2.0 software (Yuan et al., 2018). From the extracted ion chromatogram, the 

area under the curve was obtained and used to estimate the abundance of each peptide. In 

order to achieve the relative abundance of post-translational modifications (PTMs), the sum 

Trefely et al. Page 17

Mol Cell. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of all different modified forms of a histone peptide was considered as 100% and the area 

of the particular peptide was divided by the total area for that histone peptide in all of its 

modified forms. The relative ratio of two isobaric forms was estimated by averaging the ratio 

for each fragment ion with different mass between the two species. The resulting peptide 

lists generated by EpiProfile were exported to Microsoft Excel and further processed for a 

detailed analysis. To assess the incorporation rate of the 13C3-Kpr in Kpr marks (in Figure 

6E), we performed manual signal extraction using Xcalibur QualBrowser (Thermo) and the 

area under the curve was used as representative of the peptide abundance.

Western blotting—Western blotting was performed using mini gel tank system (Life 

Biotechnologies) with 4–12% gradient Bis-Tris gels (NuPage, Invitrogen cat. #NP0335) and 

0.45 μm pore size nitrocellulose membranes (BioRad cat. #1620115) or 0.22 μm pore size 

for histone blots. Membranes were probed with antibody (see Table 1) according to the 

manufacturer’s instructions. An Odyssey CLx imaging system with Image Studio v2.0.38 

software (LI-COR Biosciences) was used to acquire images which were exported as TIFF 

files then cropped and arranged using Adobe Illustrator software v23.0.1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Standard curve generation for differential centrifugation protocols—Separate 

standard curves were generated for each sub-cellular fraction in mitochondria/cytosol and 

nuclear fractionation by differential centrifugation as illustrated in Figure S1A. Step-by step 

procedure in Data S1.

Standard curve generation for Mito-IP protocol—For Mito-IP, standard curves were 

generated separately for each experimental group in each fraction by standard addition 

during acyl-CoA sample processing (illustrated in Figure S1B). Step-by step procedure in 

Data S1.

Normalization—For cell samples, data (pmol/sample) for all fractions were normalized 

to cell counts from replicate cell dishes for each condition. Cells were trypsinzed and total 

cell number and volume was determined by Coulter counter (Coulter) or cell number was 

determined by haemocytometer. Tissue weight (determined before fractionation at +/− 0.01 

mg accuracy) was used to normalize data from tissue samples. Values were calculated as 

pmol/cell or pmol/mg tissue for each fraction and reported as relative molar abundance.

Graphing and statistical analyses—Graphpad Prism software (v.8) was used for 

graphing and statistical analysis. Data presented are shown either of mean ± standard 

deviation or, for curve fits, mean ± 95% confidence intervals. For comparison between two 

groups, datasets were analyzed by two-tailed Student’s t-test with Welch’s correction and 

statistical significance defined as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 

(****).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• SILEC-SF allows metabolite quantitation in subcellular compartments by 

LC-MS.

• Acyl-Coenzyme A thioesters from mitochondria, cytosol, and nucleus were 

measured.

• Nuclear profile was distinct from other compartments and enriched in 

propionyl-CoA.

• Isoleucine is a major source of nuclear propionyl-CoA and histone 

propionylation.
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Figure 1: SILEC-SF uses whole cell internal standards to quantify acyl-CoAs in subcellular 
compartments
A) 15N1

13C3-isotope labeled vitamin B5 (VB5) is incorporated into the coenzyme A (CoA) 

moiety such that acyl-CoAs across all acyl (R group) species are isotope labeled. This 

can be detected after fragmentation (MS2), which results in neutral loss of an unlabeled 

fragment (NL 507). B) SILEC-SF workflow: internal standards were generated through 

isotope labeling, internal standards were added to samples as whole cells prior to cell 

lysis and separation of subcellular compartments by fractionation. The analyte and internal 

standard in each fraction were analyzed simultaneously by LC-MS and relative quantities 

are determined between samples.
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Figure 2: SILEC-SF reveals compartment-specific acyl-CoA profiles
A) Differential centrifugation method for mitochondria and cytosol isolation. B-E) SILEC-

SF acyl-CoA quantitation in whole cell lysate (WCL), mitochondria, cytosol and high-

density debris B) Brown adipocytes in cell culture (n=4 replicate samples) C) Acly−/− 

mouse embryonic fibroblasts (MEFs) were incubated in DMEM supplemented with 10% 

dialyzed FBS and acetate (1 mM) for 4 h before cell harvest (n=4 replicate samples) D) 
Mouse liver tissue (n=6 mice) E) Transmural left ventricle of human heart (n=5 replicate 

samples from a single heart). F) Mito-IP protocol with SILEC-SF G) SILEC-SF using Mito-
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IP was applied to HepG2 cells incubated in serum free DMEM for 2 h before harvest (n=3 

replicate samples). All panels display mean with error bars representing standard deviation. 

Data for all acyl-CoA species that were quantified in each fraction are displayed. Those 

that were not quantified showed insufficient signal intensity for the analyte, the internal 

standard or both. Some metabolites indicated in the legend for C-G were not quantified in 

the mitochondrial fraction. These were B) HMG-CoA, D) Malonyl-CoA and E) CoASH, 

G) all except for acetyl-CoA succinyl-CoA and CoASH. (iso)Butyryl-CoA = Butyryl-CoA 

+ Isobutyryl-CoA, (iso)Valeryl-CoA = Valeryl-CoA + Isovaleryl-CoA (isomers are not 

distinguished in analysis). HMG-CoA = 3-hydroxy-3-methylglutaryl-CoA.
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Figure 3: SILEC-SF detects distinct mitochondrial response to hypoxia
HepG2 cells were incubated under 20% (normoxia) or 1% (hypoxia) oxygen. A) Schematic 

comparing glutamine metabolism in the TCA cycle under hypoxic and normoxic conditions. 

B) SILEC-SF involves introduction of internal standard before fractionation. C) Whole cell 

analysis after direct extraction of metabolites. D) Succinyl-CoA and acetyl-CoA quantitation 

by SILEC-SF using mitochondrial/cytosolic differential centrifugation procedure from a 

representative experiment (one of the replicate experiments incorporated in Figure 5C, 

Figure 3E, and Figure 5E). Symbols indicate individual replicate samples (n=4). E) 
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Fold-change (hypoxia/normoxia) from mean quantitation for 3 independent SILEC-SF 

experiments conducted on separate days. Symbols indicate the mean from each experiment. 

F) Schematic for conventional addition of internal standard post-fractionation. G) Fold-

change from mean quantitation for 3 independent conventional experiments conducted on 

separate days. Symbols indicate the mean from each experiment. Abbreviations: BH(I)B-

CoA = 3-Hydroxybutyryl-CoA + 3-Hydroxyisobutyryl-CoA, (iso)Butyryl-CoA = Butyryl-

CoA + Isobutyryl-CoA (isomers are not distinguished in analysis). For all graphs, error 

bars represent standard deviation. Statistical comparisons were made by two-tailed Student’s 

t-test with Welch’s correction and statistical significance was defined as p < 0.05 (*), p < 

0.01 (**), p < 0.001 (***), p < 0.0001 (****).
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Figure 4: Cytosolic HMG-CoA is a sensitive readout of cytosolic acetate supply
A) Acetate supplies cytosolic acetyl-CoA through upregulation of ACSS2 in ACLY deficient 

cells. B-D) Cells were incubated in DMEM supplemented with 10% dialyzed fetal calf 

serum and indicated acetate concentrations for 4 h. Whole cell acyl-CoA concentrations 

were determined in ACLY deficient mouse embryonic fibroblasts (Acly-/- MEFs) and liver 

cancer cell line (Acly-/- liver cancer cells) as well as matched ACLY sufficient control 

(Aclyf/f liver cancer). B) Whole cell direct extraction fold-change analysis. C) Whole cell 

direct extraction (data from B) displayed as cellular concentration for acetyl-CoA and HMG-
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CoA). D) SILEC-SF using mitochondrial/cytosolic differential centrifugation procedure. For 

all panels, symbols represent individual replicate samples from representative experiments, 

error bars display standard deviation and statistical comparisons between two groups were 

made by two-tailed Student’s t-test with Welch’s correction and statistical significance 

defined as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****).
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Figure 5: SILEC-SF identifies enrichment of propionyl-CoA in the nucleus
A) Differential centrifugation method for nuclear isolation. B) Preadipocytes (5A) were 

harvested at day 0 and day 3 following induction of differentiation. Western blots of non-

nuclear fraction (left panel) and acid extracted histones (middle panel) and representative 

SILEC-SF analysis of acetyl-CoA (right panel). C,D) HepG2 cells were incubated under 

20% (normoxia) or 1% (hypoxia) oxygen. Mean values and error for n=4 replicate samples 

from a representative experiment are displayed. C) Short chain acyl-CoA species quantified 

after SILEC-SF by mitochondrial/cytosolic differential centrifugation procedure (one of the 
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replicate experiments incorporated in Figure 3C, Figure 3D and Figure 5E). Those that 

were not quantified showed insufficient signal intensity for the analyte, the internal standard 

or both. D) Short chain acyl-CoA species quantified after SILEC-SF using the nuclear 

differential centrifugation procedure (one of the replicate experiments also incorporated into 

Figure 5E). Some metabolites indicated in the legend for C and D were not quantified in 

all fractions, specifically, crotonoyl-CoA was quantified only in non-nuclear fraction, and 

glutaryl-CoA, (iso)butyryl-CoA, and HMG-CoA were not quantified in the nuclear fraction. 

E) Fold-change (propionyl-CoA/acetyl-CoA) calculated from n=3 independent experiments 

conducted on separate days. Symbols indicate mean from each experiment. For all graphs, 

error bars show standard deviation.
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Figure 6: Isoleucine is a major substrate for nuclear propionyl-CoA generation and histone 
lysine propionylation
A) Propionyl-CoA is generated in the mitochondria from multiple sources including 

isoleucine and valine. 3 of the 6 carbons in isoleucine contribute to the acyl group 

of propionyl-CoA. B) Incorporation of various substrates into propionyl-CoA M3 

was compared in whole cells by direct extraction of HepG2, HeLa and pancreatic 

adenocarcinoma (KPC) cells incubated in serum free media containing uniformly (U) 13C-

labeled substrates for 18 h. C) Incorporation of 13C6-isoleucine into propionyl-CoA M3 

in KPC cells incubated in serum free media containing 13C6-isoleucine diluted 1:1 with 

unlabeled isoleucine for the indicated times with post-labeling to account for post-harvest 

metabolism. D) Histone lysine propionylation reaction catalyzed by histone acyl transferase 

(HAT) enzymes. E) 13C6-isoleucine incorporation into 13C3-Kpr marks determined by 

histone acyl proteomic analysis of HepG2 cells incubated in DMEM supplemented with 

10% dialyzed FBS in which unlabelled isoleucine was entirely replaced for the indicated 

times. For all experiments, n=3 replicate samples per condition from a single experiment. 

Error bars are standard deviation. p < 0.05 (*), p < 0.01 (**).
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Figure 7: BCAAs support nuclear propionyl-CoA and histone lysine propionylation HepG2 cells 
were incubated in DMEM with 10% dialyzed FBS for 24 h and switched to dropout media at the 
indicated times before harvest.
A) SILEC-SF analysis with nuclear/non-nuclear fractionation. B) SILEC-SF analysis of 

nuclear propionyl-CoA and acetyl-CoA after 24 h incubation with indicated dropout media. 

C) Total cellular acylcarnitine. D) Extracellular acylcarnitine in media. E) proteomic 

analysis of acid extracted histones. Volcano plots compare intensity of specific histone 

peptide modifications for each time point to t=0 control. Table summarizes histone 

modification classes and sites that were significantly regulated at any timepoint. Single and 
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double modifications of a peptide that could not be assigned to a specific residue are counted 

as distinct sites. F) relative intensity over time for 4 Kpr sites identified as significantly 

regulated in E at any timepoint and for corresponding Kac marks. Statistical significance 

in E & F was determined by comparison to t=0 control for each mark or metabolite and 

is indicated above or below the specific timepoint in the color corresponding to the data 

set. For all experiments, n=3 replicate samples per condition from a single representative 

experiment, error bars are standard deviation. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

α-Tubulin Sigma Cat #T16199

ACSS2 Cell Signaling Technology Cat #3658, clone D19C66, lot 2

ACLY Proteintech Cat #15421–1-AP, lot 00040639

Histone H3 Abcam Cat #ab1791

Histone H4 Millipore Cat #05–858

FASN Cell Signaling Technology Cat #3189, lot 2

Citrate Synthase Cell Signaling Technology Cat #14309, clone D7V8B, lot 1

Lamin A/C Cell Signaling Technology Cat #2032

OGDH Proteintech Cat #1512–1-AP

SUCLA2 Proteintech Cat #12627–1-AP

SUCLG1 Proteintech Cat #14923–1-AP

Acetylated lysine (pan Kac) Cell Signaling Technology Cat # 9441S, lot 14

Pan anti propionyllysine (pan Kpr) PTM Biolabs Cat #PTM-201

Anti-HA magnetic beads Thermo-Fisher Scientific Cat #88837

Chemicals

Acetyl coenzyme A lithium salt Sigma-Aldrich Cat #A2181

DL-β-Hydroxybutyryl coenzyme A lithium salt Sigma-Aldrich Cat #H0261

Butyryl coenzyme A lithium salt hydrate Sigma-Aldrich Cat #B1508

Coenzyme A trilithium salt Sigma-Aldrich Cat #C3019

2-Butenoyl coenzyme A lithium salt Sigma-Aldrich Cat #C6146

Glutaryl coenzyme A lithium salt Sigma-Aldrich Cat #G9510

DL-3-Hydroxy-3-methylglutaryl coenzyme A 
sodium salt hydrate

Sigma-Aldrich Cat #H6132

Isovaleryl coenzyme A lithium salt hydrate Sigma-Aldrich Cat #I9381

Malonyl coenzyme A tetralithium salt Sigma-Aldrich Cat #63410

n-Propionyl coenzyme A lithium salt Sigma-Aldrich Cat #P5397

Succinyl coenzyme A sodium salt Sigma-Aldrich Cat #S1129

[13C6,15N2]-Vitamin B5 (calcium 
pantothenate-13C6,15N2])

Isosciences Cat #5065

[15N2,13C5]-Glutamine Cambridge Isotope Laboratories Cat #CNLM-1275-H-PK

[13C6]-Glucose Cambridge Isotope Laboratories Cat #CLM-1396–1

[13C5,15N1]-Valine Cambridge Isotope Laboratories Cat #CNLM-422, lot PR-22329

[13C6,15N1]-Leucine Cambridge Isotope Laboratories Cat #CNLM-281, lot PR-22831

[13C6]-Isoleucine Cambridge Isotope Laboratories Cat #CLM-2248, lot PR-21540

[13C3]-Propionate Cambridge Isotope Laboratories Cat #CNLM-1865, lot 
PR30847/09249SP-1

Propionic anhydride-d10 Sigma-Aldrich Cat #615692

Nicotinamide Sigma-Aldrich Cat #N0636
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REAGENT or RESOURCE SOURCE IDENTIFIER

Trichostatin A A.G Scientific Cat #T-1052

Trichloroacetic acid (TCA) Sigma-Aldrich Cat #T6399

Sequencing grade trypsin Promega Cat #V5111

Experimental Models: Cell Lines

Acly−/− mouse embryonic fibroblasts (Clone: PC9) K.E. Wellen Lab (Zhao et al., 2016) NA

HepG2 ATCC Cat. #HB-8065

Murine pancreatic adenocarcinoma (KPC, Clone: 
2838c3)

B.Z. Stanger Lab (Li et al., 2018) NA

Hepa1c17 ATCC Cat. #CRL-2026

Brown preadipocytes P. Seale Lab (Harms et al., 2014) NA

Murine liver cancer Aclyf/f (Clone: D42) K.E. Wellen Lab, this paper NA

Murine liver cancer Acly−/− (Clone: D42C4) K.E. Wellen Lab, this paper NA

Murine preadipocytes (Clone: 5A) K.E. Wellen Lab (Fernandez et al., 2019) NA

Phoenix-AMPHO ATCC Cat. #CRL-3213

Plasmids

pMXS-3XHA-EGFP-OMP25 Addgene (Chen et al., 2016) Cat. #83356

Software and Algorithms

Tracefinder v4.1 Thermo Scientific

FluxFix v1.0 http://www.flufix.science (Trefely et al., 
2016)

NA

Graphpad PRISM v8 GraphPad

EpiProfile 2.0 software https://github.com/zfyuan/
EpiProfile2.0_Family (Yuan et al., 2018)

NA

Adobe Illustrator software v23.0.1. Adobe NA
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