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Abstract 11 

While medium-chain fatty acids (MCFAs; C6-C12) are key metabolites with profound 12 

physiological roles, their potential to covalently modify proteins remains an open question, with 13 

octanoylation of only one protein documented to date. Here, we report the discovery of three novel 14 

MCFA modifications, including hexanoylation (C6), decanoylation (C10), and dodecanoylation 15 

(C12), and present the first proteome-wide analysis of medium-chain acylation. Using chemo-16 

proteomic methods, we identified hundreds of protein substrates for each modification, including 17 

270 hexanoylated, 131 octanoylated, 286 decanoylated, and 509 dodecanoylated proteins. We 18 

further validated cysteine hexanoylation by mass spectrometry in FAHD2A, a mitochondrial 19 

oxaloacetate isomerase highly enriched among the 270 hexanoylated proteins, and identified the 20 

putative “writer” and “eraser” enzymes, acyltransferase ZDHHC3 and deacylase SIRT4, 21 

respectively. Our discovery of medium-chain acylation significantly expands the landscape of 22 

protein lipidation, and the proteomic atlas of medium-chain acylation provides a foundational 23 

resource for elucidating the mechanisms underlying the MCFA’s physiological functions. 24 

 25 
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Introduction 30 

Medium-chain fatty acids (MCFAs), lipids composed of 6 to 12 carbon atoms, are important 31 

bioactive metabolites with significant physiological roles and health benefits1-4. Distinguished 32 

from their long-chain counterparts, MCFAs are rapidly absorbed and transported directly to the 33 

liver, where they efficiently enter mitochondria for β-oxidation without reliance on the carnitine 34 

shuttle system2,5,6. This unique metabolic feature allows them to powerfully influence energy 35 

homeostasis, ketogenesis, and cellular signaling pathways, making them promising therapeutic 36 

agents for conditions such as diabetes and epilepsy3,4,7,8. Despite their important functions, the 37 

molecular mechanisms underlying MCFAs activity remain poorly understood, particularly their 38 

capacity to regulate protein function. A fundamental unresolved question is whether MCFAs act 39 

as signaling molecules through covalently modifying proteins, which has remained largely 40 

unexplored. 41 

        Protein acylation is an important mechanism by which fatty acids modulate protein function 42 

and represents a critical post-translational modification (PTM) that regulates protein stability, 43 

localization, and activity, with well-established implications in health and disease9-11. The 44 

landscapes of long-chain (e.g., palmitoylation) and short-chain (e.g., lactylation) acylations are 45 

well characterized. For instance, S-palmitoylation, which governs membrane targeting and 46 

protein–protein interactions, occurs on hundreds of proteins and is essential for various 47 

physiological activities, such as immune recognition, cell differentiation, and signal transduction12-48 

14. Similarly, short-chain acylations such as lactylation regulate diverse biological processes, 49 

including epigenetic regulation, tumorigenesis, and innate immunity15-19. In stark contrast, 50 

medium-chain acylation is represented by only one known example: the O-octanoylation of ghrelin, 51 

the “hunger hormone,” catalyzed by the enzyme ghrelin O-acyltransferase (GOAT)20-22. This 52 

striking gap prompts us to explore the existence of a broader, uncharacterized family of MCFA-53 

driven protein modifications, including hexanoylation, decanoylation, and dodecanoylation. 54 

        Here, we combine metabolic labeling with chemoproteomic approaches to report the 55 

discovery of these three novel medium-chain acylations. We present the first proteome-wide 56 

analysis of all types of even-numbered medium-chain acylations, identifying comprehensive sets 57 

of protein substrates for each modification. Focusing on hexanoylation, we validate modification 58 

sites on the mitochondrial protein FAHD2A at Cys215 and Cys301 and identify the putative 59 
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“writer” and “eraser” enzymes—acyltransferase ZDHHC3 and deacylase SIRT4. Collectively, 60 

these findings establish medium-chain acylation as a widespread post-translational modification, 61 

providing a foundational resource for future investigations into the regulatory roles of MCFAs in 62 

various biological processes. 63 

Results 64 

A chemoproteomic strategy reveals widespread medium-chain acylations 65 

To test the hypothesis that a family of medium-chain acylations extends beyond octanoylation, we 66 

employed metabolic labeling using azide analogs of hexanoic (C6), octanoic (C8), decanoic (C10), 67 

and dodecanoic (C12) acids (Fig. 1a). To evaluate overall levels of medium-chain acylations, 68 

HepG2 cells were treated with each azide MCFA probe, and cell lysates were subsequently 69 

subjected to click chemistry conjugation with biotin-alkyne to label azide MCFA probe-modified 70 

proteins (Fig. 1b). This approach revealed a significant, probe-dependent increase in biotin signal 71 

relative to DMSO controls, providing evidence for the widespread existence of protein 72 

hexanoylation, octanoylation, decanoylation, and dodecanoylation (Fig. 1c). 73 

        Next, we conducted the first proteome-wide profiling of medium-chain acylations. Using an 74 

optimized enrichment workflow that involves covalently linking acylated proteins onto alkyne-75 

agarose beads, enabling highly efficient removal of nonspecific binding and background noise (Fig. 76 

1d), we identified comprehensive sets of substrates for each of these four medium-chain acyl 77 

modifications. This analysis revealed 270 hexanoylated, 131 octanoylated, 286 decanoylated, and 78 

509 dodecanoylated proteins, establishing medium-chain acylation as a prevalent post-79 

translational modification (Fig. 1e-h and Tables 1–4). 80 

        Our Gene Ontology (GO) enrichment analysis revealed distinct functional associations across 81 

the acylomes. In terms of biological processes, hexanoylated, octanoylated, decanoylated and 82 

dodecanoylated proteins were all enriched in metabolic processes, such as small molecule 83 

catabolic process and fatty acid metabolic process (Extended Data Fig. 1a-d), implying the role of 84 

medium-chain fatty acylation in modulating metabolism. Regarding cellular components, 85 

octanoylated proteins were enriched in focal adhesion (Fig. 1j), decanoylated proteins were 86 

enriched in lysosomal membrane (Fig. 1k), and dodecanoylated proteins were enriched in 87 

secretory granule membrane (Fig. 1l). Notably, the hexanoylome exhibited a striking and unique 88 

enrichment for mitochondrial proteins, with more than one-third (93 of 270) localized to 89 
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mitochondria (Fig. 1i), implicating protein hexanoylation as a crucial, previously unrecognized 90 

regulator of mitochondrial functions. Given this specific subcellular and functional enrichment, 91 

our subsequent studies focused on validating and mechanistically characterizing protein 92 

hexanoylation. 93 

Validation of hexanoylation in FAHD2A 94 

To rigorously validate protein hexanoylation, we focused on FAHD2A, a mitochondrial 95 

oxaloacetate hydrolase23 and a top hit from our proteomic screen. High-resolution mass 96 

spectrometry of FAHD2A purified from HepG2 cells identified two peptides 97 

(KGDEVQChexEIEELGVIINK and TFDTFChexPLGPALVTK) with a +98.0726 Da mass shift on 98 

cysteine residues (Cys215 and Cys301), consistent with the presence of hexanoylation (Fig. 2a and 99 

Extended Data Fig. 2a, labeled “endogenous”). To confirm this modification, we performed 100 

HPLC-tandem mass spectrometry (MS/MS) analyses, comparing endogenous FAHD2A-derived 101 

peptides with their in vitro synthesized hexanoylated counterparts and corresponding mixtures. 102 

We found that their fragmentation patterns were identical (Fig. 2a–b and Extended Data Fig. 2a), 103 

unambiguously assigning hexanoylation to Cys215 and Cys301. 104 

        We further validated the existence of hexanoylation through multiple independent approaches. 105 

First, we confirmed the hexanoylation of FAHD2A in both HepG2 and 293T cells expressing 106 

FAHD2A-FLAG by metabolic labeling with azido-hexanoic acid, followed by anti-FLAG 107 

immunoprecipitation of FAHD2A-FLAG, click chemistry-mediated conjugation to alkyne-biotin, 108 

and detection using anti-biotin antibody (Fig. 2c, 2d). This result also supports the generality of 109 

protein hexanoylation across different cells. Importantly, we performed site-directed mutagenesis 110 

replacing Cys301 with serine (C301S) and demonstrated that the C301S mutation markedly 111 

reduced FAHD2A hexanoylation, confirming Cys301 as a key site of hexanoylation modification 112 

(Fig. 2e, 2f). Crucially, metabolic labeling with deuterium-labeled D11-hexanoic acid resulted in 113 

a corresponding +109.1422 Da mass shift in FAHD2A peptides bearing Cys215 hexanoylation 114 

(Extended Data Fig. 2b, 2c), confirming that the hexanoylation can be directly derived from the 115 

exogenous fatty acid and thereby supporting that hexanoylation is responsive to the changes in 116 

hexanoic acids. Together, these data demonstrate the existence of cysteine hexanoylation. 117 

The acyltransferase ZDHHC3 is a putative “writer” of protein hexanoylation 118 
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We next sought to identify the enzymes responsible for catalyzing protein hexanoylation. Given 119 

the occurrence of protein hexanoylation at cysteine residues, we hypothesized that members of the 120 

ZDHHC family of protein acyltransferases, which catalyze thioester bond formation12,14,24, may 121 

act as the “writers” of protein hexanoylation. Indeed, we found that in HepG2 cells expressing 122 

FAHD2A-FLAG, overexpression of ZDHHC3 robustly increased the hexanoylation of FAHD2A-123 

FLAG by approximately 1.5-fold (Fig. 3a, 3b). To assess the endogenous requirement of ZDHHC3 124 

for hexanoylation, we employed shRNA-mediated knockdown to decrease ZDHHC3 expression 125 

in HepG2 cells (Extended Data Fig. 3a). Consitent with a role of ZDHHC3 in promoting 126 

hexanoylaiton, decrease of ZDHHC3 reduced FAHD2A hexanoylation by approximately 50% 127 

(Fig. 3c, 3d). Subsequently, we determined that ZDHHC3 functions as a broad-spectrum regulator 128 

of the cellular hexanoylome. Over-expression of ZDHHC3 robustly amplified global protein 129 

hexanoylation signals (Fig. 3e), whereas its depletion resulted in a profound attenuation of these 130 

modifications (Fig. 3f). Given that many hexanoylated proteins, including FAHD2A, are localized 131 

to mitochondria, we examined a potential mitochondrial distribution of ZDHHC3. Surprisingly, 132 

immunofluorescence analysis revealed that ZDHHC3 did not colocalize with MitoTracker-stained 133 

mitochondria (Extended Data Fig. 3b), implying that it may mediate hexanoylation in the cytosol 134 

prior to the mitochondrial import of substrate proteins. Together, these results support ZDHHC3 135 

as a putative hexanoyl-acyltransferase. 136 

The deacylase SIRT4 acts as a potential “eraser” of protein hexanoylation 137 

The reversibility of protein modification is critical for their regulatory function12,25,26. To identify 138 

the enzymes responsible for removing hexanoylation, we screened broad-spectrum inhibitors of 139 

the two major deacylase families, histone deacetylases (HDACs) and sirtuins (SIRTs)27,28. 140 

Treatment with the sirtuin inhibitor nicotinamide (NAM), but not the HDAC inhibitor trichostatin 141 

A (TSA), significantly increased FAHD2A hexanoylation by >2 fold, implicating a sirtuin as the 142 

putative “eraser” (Fig. 4a, 4b). 143 

        We then screened all seven SIRT members for their ability to dehexanoylate FAHD2A. We 144 

first performed subcellular localization analyses of these SIRT proteins, and found that SIRT3, 145 

SIRT4, and SIRT5 show strong mitochondrial localization as showing by their colocalization with 146 

MitoTracker staining (Extended Data Fig. 4a). In light of the widespread occurrence of 147 

mitochondrial hexanoylation, we investigated the potential involvement of those three 148 
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mitochondrial sirtuins. Among these three, overexpression of SIRT4 caused the most potent 149 

reduction in FAHD2A hexanoylation levels, decreasing levels to approximately 30% of those 150 

observed in the control (Fig. 4c, 4d). Reversely, knockdown of endogenous SIRT4 (Extended Data 151 

Fig. 4b) resulted in an approximately twofold increase in FAHD2A hexanoylation (Fig. 4e, 4f), 152 

further supporting that SIRT4 is likely an endogenous dehexanoylase for FAHD2A. Furthermore, 153 

we investigated whether SIRT4 regulates hexanoylation globally. Overexpression of SIRT4 154 

significantly reduced overall cellular protein hexanoylation (Fig. 4g), whereas SIRT4 knockdown 155 

resulted in an increase in global hexanoylation (Fig. 4h). Collectively, these findings identify 156 

SIRT4 as a possible dehexanoylase, providing a dynamic and reversible regulatory mechanism for 157 

protein hexanoylation. 158 

 159 

Discussion 160 

Medium-chain fatty acids have long been appreciated as unique metabolic fuels, but their role as 161 

direct regulators has remained a significant blind spot3. Our study demonstrates that MCFAs are 162 

precursors for a widespread and dynamic family of protein post-translational modifications. We 163 

report the discovery of three novel protein acylations, including hexanoylation, decanoylation, and 164 

dodecanoylation, and provide the first proteome-wide maps of all even-numbered medium-chain 165 

fatty acid acylations. Focusing on hexanoylation, we not only validate this modification on the 166 

mitochondrial protein FAHD2A but also identify the possible “writer,” acyltransferase ZDHHC3, 167 

and “eraser,” the deacylase SIRT4. These findings reveal medium-chain acylation and offer a 168 

comprehensive atlas of such modifications, establishing a foundational resource for elucidating 169 

the regulatory functions of MCFAs. 170 

        Our identification of ZDHHC3 as a putative hexanoyltransferase expands the known substrate 171 

scope of the ZDHHC family. While these enzymes are canonical protein palmitoyltransferases 172 

(C16)29-31, our data support that ZDHHC3 may also efficiently utilize hexanoyl-CoA, a 173 

significantly shorter acyl-CoA substrate. This functional plasticity suggests that different ZDHHC 174 

enzymes may have distinct acyl-CoA preferences, enabling them to respond to specific metabolic 175 

cues and generate diverse acyl-proteomes. The discovery of ZDHHC3’s role in hexanoylation 176 

provides a critical tool for future studies aimed at dissecting the function of this modification 177 

through genetic manipulation of its writer. Moreover, our discovery adds a new enzymatic activity 178 
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to the multi-functional repertoire of SIRT4, which is already known to possess deacetylase32, ADP-179 

ribosyltransferase33, and lipoamidase activities34. The regulatory mechanisms by which SIRT4 180 

coordinates the removal of these diverse post-translational modifications, including hexanoylation, 181 

remains to be determined. Given that hexanoylation is sensitive to changes in hexanoic acid levels, 182 

it is crucial to investigate how ZDHHC3 and SIRT4 respond to fluctuations in medium-chain fatty 183 

acid concentrations, both in dietary intake and within the organism. 184 

        This study lays a foundational groundwork, but it also opens up numerous avenues for future 185 

investigation. While we have identified the writer/eraser pair for hexanoylation, the enzymes 186 

governing decanoylation and dodecanoylation remain to be discovered. Furthermore, the 187 

functional consequence of hexanoylation on FAHD2A and the other 269 target proteins is a critical 188 

next question. Does this PTM alter enzymatic activity, protein stability, or protein-protein 189 

interactions within mitochondria? Given the special roles of MCFAs in modulating diseases like 190 

ketosis and diabetes, elucidating these functional outcomes will be essential for connecting this 191 

new regulatory layer to these physiological states. In conclusion, our work identifies medium-192 

chain fatty acids as important modifiers of proteins, and by mapping the proteome of this newly 193 

characterized class of acylations and elucidating the enzymatic machinery governing their 194 

dynamics, we provide a framework for understanding mechanisms by which medium-chain fatty 195 

acids directly regulate protein function. 196 

Materials and Methods 197 

Cell culture and treatments 198 

    HEK293T (ATCC, CRL-3216) and HepG2 (ATCC, HB-8065) cells were maintained in 199 

Dulbecco’s Modified Eagle Medium (DMEM; Sigma, D6429) supplemented with 10% fetal 200 

bovine serum (FBS; ExCell, FSP500) and 1% Penicillin-Streptomycin (Yeasen, 60162ES76). All 201 

cells were cultured at 37°C in a humidified incubator with 5% CO₂ and routinely tested for 202 

mycoplasma contamination. For treatments, the following reagents were used as indicated in the 203 

figure legends: trichostatin A (TSA; MCE, HY-15144) at a final concentration of 3 μM for 48 h, 204 

nicotinamide (NAM; MCE, HY-B0150) at a final concentration of 5 mM for 48 h, azido-hexanoic 205 

acid (Click Chemistry Tools, 1250) at a final concentration of 100 μM for 48 h, azido-octanoic 206 

acid (Amatek Scientific, AC-8025) at a final concentration of 100 μM for 48 h, azido-decanoic 207 
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acid (Amatek Scientific, AS00787) at a final concentration of 100 μM for 48 h, azido-dodecanoic 208 

acid (Amatek Scientific, AS00792) at a final concentration of 100 μM for 48 h, D11-hexanoic acid 209 

(Cambridge Isotope Laboratories, DLM-277-PK) at a final concentration of 500 μM for 48 h, and 210 

dimethyl sulfoxide (DMSO; Sigma, 4540) as a vehicle control. 211 

Reagents and antibodies 212 

    The reagents and antibodies used in this study were as follows: Trypsin 0.25% EDTA (Thermo 213 

Fisher, 25200072), BSA (GENVIEW, FA016), ExpressPlusTM PAGE Gels (GenScript, 214 

M42010C), Coomassie Blue Destaining Buffer (GenStar, E155-01), Protein marker (Cofitt, 215 

LBP6510), XbaI (NEB, R0145S), BamHI (NEB, R3136), AgeI (NEB, R3552S), EcoRI (NEB, 216 

R3101L), XhoI (NEB, R0146S), Q5 enzyme (NEB, M0543L), ClonExpress Ultra One Step 217 

Cloning kit (Vazyme, C115), KOD-Plus-Mutagenesis Kit (Toyobo, SMK-101), anti-SIRT4 218 

antibody (Proteintech, 66543-1-Ig, 1:1000 dilution), anti-FAHD2A (Sigma, HPA44987, 1:1000 219 

dilution), anti-COX IV (HuaBio, ET1701-63, 1:1000 dilution), anti-Biotin antibody (Cell 220 

Singaling Technology, 7075S), anti-FLAG antibody (HuaBio, M1403-2, 1:1000 dilution), anti-β-221 

Actin antibody (ABclonal, AC026, 1:2000 dilution), anti-HRP Conjugated Goat anti-Rabbit IgG 222 

(HuaBio, HA1001, 1:10000 dilution), and anti-HRP Conjugated Goat anti-Mouse IgG (HuaBio, 223 

HA1006, 1:10000 dilution). For shRNA transfection vectors, shRNA vectors to knock down 224 

endogenous ZDHHC3 were obtained from Sigma (TRCN0000133710, TRCN0000159818, or 225 

TRCN0000164379) and shRNA vectors to knock down endogenous SIRT4 were obtained from 226 

Sigma (TRCN0000232894). 227 

Lentivirus Production and Transduction (Spinfection) 228 

    Lentiviral particles were produced by transient transfection of HEK293T cells. Cells were 229 

seeded in 6-well plates at a density of 5 x 10⁵ cells/well. The following day, cells were co-230 

transfected with 1 µg of the target lentiviral vector along with the packaging plasmids pMD2.G (1 231 

µg) and psPAX2 (1 µg), using Lipofectamine 8000 (Beyotime, C0533) in Opti-MEM medium 232 

(Thermo Fisher, 51985034) according to the manufacturer's protocol. Virus-containing 233 

supernatants were harvested 48 hours post-transfection, centrifuged at 300 x g for 5 minutes to 234 

remove cell debris, and filtered through a 0.45 µm PES membrane. Aliquots were stored at -80°C 235 

until use. 236 
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    For transduction, HepG2 cells were seeded at a density of 1 x 106 cells/well in a 6-well plate 237 

and allowed to adhere overnight. On the day of infection, the culture medium was replaced with 238 

fresh DMEM containing 10 µg/mL polybrene (Beyotime, C0351). An appropriate volume of 239 

lentiviral supernatant was added to each well. The plate was then centrifuged at 700 x g for 30 240 

minutes at 30°C to facilitate infection, a process known as 'spinfection'. Following centrifugation, 241 

cells were incubated at 37°C for 48 hours. After this period, transduced cells were selected and 242 

expanded using puromycin (Gibco, A113803 ) at 5 µg/mL or G418 (Beyotime, ST081) at 50 243 

µg/mL for at least 4 days before use in subsequent experiments. 244 

Click chemistry for medium-chain acylation detection 245 

    Metabolic labeling and cell lysis: HepG2 cells were metabolically labeled for 48 hours with 246 

100 µM of the indicated azido-MCFA probe or with DMSO as a vehicle control. Following 247 

labeling, cells were washed with cold PBS and harvested. After being collected by centrifugation 248 

(300 g, 5 min, 4°C), the cells were lysed on ice for 10 min in lysis buffer (20 mM Tris-HCl pH 7.5, 249 

150 mM NaCl, 1% Triton X-100, 1 × protease inhibitor cocktail (Sigma, P8340). To ensure 250 

complete lysis, the samples were sonicated on ice (35% amplitude, 3 s on / 4 s off, for a total of 1 251 

min sonication time). Insoluble cellular debris was removed by centrifugation at 12,000 g for 10 252 

min at 4°C. The cleared supernatant was collected, and the protein concentration was determined 253 

using a BCA assay (GenStar, E162-01). 254 

    In-lysate click reaction with alkyne-biotin: The click chemistry reaction was performed on 255 

200 µg of protein lysate. The reaction was assembled with the following components added 256 

sequentially: lysate, alkyne-biotin (final concentration 40 µM) (Click Chemistry Tools, CCT-257 

TA105), a copper(I)-stabilizing ligand THPTA (Sigma, 762342), copper(II) sulfate (final 258 

concentration 1-2 mM) (Sigma, 209198), and freshly prepared sodium L-ascorbate (final 259 

concentration 5 mM) (Sigma, A7631). The reaction was incubated for 30 minutes at room 260 

temperature in the dark. 261 

    Protein precipitation and sample preparation for Western blot: Following the click reaction, 262 

proteins were precipitated using a standard methanol/chloroform method35. Briefly, 600 µL of 263 

methanol, 150 µL of chloroform, and 400 µL of water were added sequentially with vortexing. 264 

The mixture was centrifuged at 15,000 x g for 5 min, and the protein pellet at the interface was 265 

collected. The pellet was washed twice with cold methanol, briefly air-dried, and resuspended in 266 
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100 µL of Tris-HCl buffer (50 mM, pH 7.4) containing 1% SDS. Complete resuspension was 267 

achieved by heating at 70°C for 20 min. The protein concentration was re-quantified to ensure 268 

equal loading. For analysis, 20 µg of protein per sample was mixed with 5x SDS-PAGE Plus 269 

loading buffer (Genstar, E151-10), heated at 70°C for 10 min, and resolved by SDS-PAGE for 270 

subsequent immunoblotting. 271 

RNA extraction and qPCR analysis 272 

    Total RNA was isolated using the RNA isolation kit (Qmega, R6831) according to the 273 

manufacturer’s protocol. cDNA was then generated using EasyScript® One-Step gDNA Removal 274 

and cDNA Synthesis SuperMix (TransGen Biotech, AE311-03). qPCR with Luna® Universal 275 

qPCR Master Mix (NEB, M3003L) was carried out using Quantitative fluorescent PCR detection 276 

system (Jena, Qtower3G ). The primer sequences are provided in Supplementary Table 5. 277 

Confocal Microscopy and Live-Cell Staining 278 

    HepG2 cells expressing the indicated transgenes were seeded at a density of 1 x 10⁵ cells per 20 279 

mm glass-bottom culture dish and allowed to adhere for 24 hours. For live-cell imaging, 280 

mitochondria were stained by incubating cells with 200 nM MitoTracker Green (Thermo Fisher, 281 

M7514) in culture medium for 30 minutes at 37°C. Following this, nuclei were stained by 282 

incubating cells with Hoechst 33342 (1x final concentration from a 100 x stock; Beyotime, C1027) 283 

for 10 minutes at 37°C. Between staining steps, cells were washed with pre-warmed culture 284 

medium. After the final wash, cells were maintained in fresh culture medium for imaging. 285 

Fluorescence images were acquired using a Nikon A1R laser scanning confocal microscope. 286 

Chemoproteomic Enrichment of Medium-Chain Acylated Proteins 287 

    Metabolic labeling and cell lysis: HepG2 cells (5 x 10⁷ per replicate) were metabolically 288 

labeled for 48 hours with either 100 µM of azido-hexanoic acid, azido-octanoic acid, azido-289 

decanoic acid, azido-dodecanoic acid, or DMSO as a vehicle control. Cell pellets were lysed in 1 290 

mL of lysis buffer (Click-&-Go™ Plus Protein Enrichment Kit, Click Chemistry Tools, CCT-1033) 291 

by vortexing for 30 min at 4°C. Lysates were cleared by centrifugation at 10,000 x g for 5 min at 292 

4°C. Protein concentration was determined, and approximately 3 mg of total protein was used for 293 

each enrichment. 294 
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    Click chemistry reaction on agarose beads: Alkyne-functionalized agarose beads (200 µL 295 

slurry; Click-&-Go™ Plus Protein Enrichment Kit, Click Chemistry Tools, CCT-1033) were 296 

washed three times with nuclease-free water. The click reaction was performed by combining the 297 

washed beads with 800 µL of cleared lysate, 860 µL of water, 100 µL of Tris-amine buffer (82 298 

mM), 20 µL of CuSO₄ (100 mM), and 20 µL of freshly prepared sodium L-ascorbate (80 g/L). The 299 

reaction was incubated for 20 h at room temperature with end-over-end rotation, protected from 300 

light. 301 

    Bead washing, reduction, and alkylation: Following the click reaction, beads were 302 

centrifuged (1,000 x g, 1 min) and washed extensively to remove non-specifically bound proteins. 303 

The wash sequence was as follows: 3x with Milli-Q water. Beads were then resuspended in 1 mL 304 

of Agarose Wash Buffer containing 10 mM DTT and incubated at 70°C for 15 min for reduction. 305 

After cooling to room temperature, proteins were alkylated by adding 40 mM iodoacetamide and 306 

incubating for 30 min in the dark. 307 

    Stringent washes and on-bead digestion: For stringent removal of contaminants, the beads 308 

were transferred to spin columns and subjected to a series of high-volume washes: 10x with 2 mL 309 

of 1% SDS buffer, 20x with 2 mL of 8 M urea in 100 mM Tris (pH 8.0), and 20x with 2 mL of 310 

20% acetonitrile. For on-bead digestion, the beads were equilibrated with digestion buffer (40 mM 311 

NH₄HCO₃, 10% acetonitrile) and resuspended in approximately 200 µL of the same buffer. 312 

Trypsin (3 µg; proteomics grade; Promega, V5280) was added, and the digestion was carried out 313 

for 14 h at 37°C with gentle agitation. 314 

    Peptide recovery and desalting: Tryptic peptides were recovered from the supernatant by 315 

centrifugation (1,000 x g, 5 min). The beads were washed three times with 300 µL of water, and 316 

all fractions were combined. The combined peptide solution was acidified with trifluoroacetic acid 317 

(TFA) to a final concentration of 0.2% and adjusted to 2% acetonitrile. Peptides were then desalted 318 

and concentrated using C18 spin columns (Waters, WAT094225) according to standard protocols 319 

(methanol activation, water equilibration, sample loading, wash with 5% methanol, and elution 320 

with 80% methanol). The eluates were dried completely in a vacuum concentrator (Christ, CT02-321 

50) and stored at -20°C until LC-MS/MS analysis. 322 

Immunoprecipitation of FAHD2A for Click Chemistry Analysis (IP-Click) 323 
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    HepG2 cells stably expressing FAHD2A-FLAG (3 x 10⁷ cells per condition) were treated for 324 

48 h with either 100 µM azido-hexanoic acid or DMSO as a vehicle control. After treatment, cells 325 

were harvested, washed once with ice-cold PBS, and lysed in 10 mL of lysis buffer (50 mM Tris-326 

HCl pH 7.5, 150 mM NaCl, supplemented with protease inhibitors) on ice for 10 min. Lysates 327 

were sonicated on ice (35% amplitude; 20 cycles of 3 s on / 4 s off) and subsequently cleared by 328 

centrifugation at 12,000 g for 10 min at 4°C. The cleared supernatant was used for 329 

immunoprecipitation. 330 

    200 µL of anti-FLAG M2 magnetic beads (Sigma, M8823) were equilibrated by washing three 331 

times with ice-cold TBST (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween-20). The 332 

equilibrated beads were added to the clarified lysate and incubated overnight at 4°C with end-over-333 

end rotation. The following day, the beads were washed extensively (8 times with 1 mL of ice-334 

cold TBST) to remove non-specific binders. Bound FAHD2A-FLAG was eluted by incubating the 335 

beads with 100 µL of elution buffer (1x PBS containing 250 µg/mL 3x FLAG peptide; Sigma, 336 

A36806) for 30 min at room temperature with gentle agitation. The eluate containing purified 337 

FAHD2A-FLAG was collected and used immediately for downstream click chemistry reactions. 338 

LC-MS/MS Analysis of Immunopurified FAHD2A 339 

    Immunopurified FAHD2A-FLAG was resolved by SDS-PAGE, and the gel was stained with 340 

Coomassie Blue G-250 (GenStar, E154-01). The protein band corresponding to FAHD2A was 341 

excised and cut into small pieces. In-gel digestion was performed as follows: the gel pieces were 342 

subjected to reduction with 25 mM DTT (Sigma, D9163) and alkylation with 55 mM 343 

iodoacetamide (Sigma, I6125), followed by overnight digestion with sequencing-grade trypsin 344 

(Promega, V5280) in 50 mM ammonium bicarbonate (NH4HCO3, Sigma, 09830) at 37°C. The 345 

resulting tryptic peptides were extracted twice from the gel matrix with 0.1% formic acid (FA) in 346 

50% acetonitrile (ACN) aqueous solution. The pooled extracts were then dried in a vacuum 347 

concentrator before analyses. 348 

    For LC-MS/MS analysis, the peptides were resuspended in 0.1% formic acid and 50% 349 

acetonitrile automatically injected using Bruker’s nanoElute UHPLC System onto the 25 cm 350 

column equipped with emitter (Aurora series, CSI, 25 cm × 75 µm ID, 1.6 µm C18, IonOpticks). 351 

Bound peptides were then eluted over 30 min at a constant flow rate of 300 nl/min and the mobile 352 

phases water/0.1% FA and ACN/0.1% FA (A and B, respectively) were applied in the linear 353 
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gradients starting from 2% B and increasing to 22% in 5 min, followed by an increase to 35% B 354 

in 15 min, 55% B in 22 min, 80% B in 26 min, 80% B in 26–30 min. Eluted peptides were sprayed 355 

into a TIMS quadrupole time-of-flight instrument (timsTOF Pro 2, Bruker Daltonics) using a nano-356 

electrospray source (CaptiveSpray source, Bruker Daltonics). Samples were measured in dda-357 

PASEF mode and the dda-PASEF windows scheme was ranging in dimension m/z from 300 to 358 

1500 and in dimension 1/K0 0.75–1.3, with Ramp Time 166 ms. 359 

Following data acquisition, raw data files were converted into mgf and processed using Thermo 360 

Proteome Discoverer software (v2.5) with the Sequest HT search engine. Searches were performed 361 

against a custom database containing only the human FAHD2A protein sequence (obtained from 362 

UniProt) to maximize sensitivity for modification detection. The search parameters included a 363 

precursor mass tolerance of 10 ppm, a fragment mass tolerance of 0.02 Da, trypsin as the enzyme 364 

with up to two missed cleavages allowed, and carbamidomethylation of cysteine as a fixed 365 

modification. Variable modifications included oxidation of methionine and hexanoylation of 366 

cysteine (+98.0726 Da). The false discovery rate (FDR) was set to < 1% at both the peptide and 367 

protein levels. MS/MS spectra for figures were plotted using Origin software. 368 

Statistical Analysis 369 

    All statistical analyses were performed using GraphPad Prism (v9.0). Data are presented as 370 

mean ± SEM from at least three independent biological replicates, as indicated in the figure legends. 371 

Comparisons between two groups were analyzed using a two-tailed unpaired Student’s t-test. For 372 

comparisons among three or more groups, one-way analysis of variance (ANOVA) was used, 373 

followed by an appropriate post-hoc test for multiple comparisons (e.g., Dunnett's test) to 374 

determine significance between specific groups. For all experiments, statistical significance was 375 

defined as P < 0.05, with exact P values provided in the respective figures. To ensure 376 

reproducibility, all experiments were conducted for at least three independent replicates. 377 
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Figure 1. Discovery and profiling of medium-chain acylated proteomes 504 

(a) Chemical structures of the azido MCFA metabolic probes used in this study. 505 

(b) Schematic of the click chemistry-coupled Western blot workflow for detecting global protein 506 

acylation, including hexanoylation, octanoylation, decanoylation, and dodecanoylation. 507 

(c) Western blot analysis of global medium-chain acylation levels in HepG2 cells treated for 48 508 

hours with DMSO or 100 µM of the indicated azido-MCFA probes. Biotinylated proteins were 509 

detected by anti-Biotin antibody. β-actin serves as a loading control.  510 

(d) Schematic of the chemoproteomic workflow used for the enrichment and identification of 511 

medium-chain acylated proteins. 512 

(e-h) Volcano plots displaying proteins enriched from HepG2 cells treated with probes for (e) 513 

hexanoylation, (f) octanoylation, (g) decanoylation, and (h) dodecanoylation, relative to DMSO 514 

controls. The x-axis represents log₂ (fold change), and the y-axis represents -log₁₀ (p-value). 515 

Proteins enriched above the threshold (fold change > 1.5, and p < 0.05, dashed lines) are shown in 516 

red. 517 

(i-l) Gene Ontology (GO) cellular compartment analysis of significantly enriched proteins from 518 

the (e) hexanoylation, (f) octanoylation, (g) decanoylation, and (h) dodecanoylation proteomes. 519 

All experiments were performed with at least three independent biological replicates.  520 
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Figure 2. Identification and validation of cysteine hexanoylation on FAHD2A 530 

(a) MS/MS fragmentation spectra of the hexanoylated FAHD2A peptide (Cys301hex) derived from  531 

FAHD2A-FLAG stably-expressed in HepG2 cells, its synthetic counterpart, and a 1:1 mixture of 532 

both. Key b- and y-ions are indicated. 533 

(b) Chemical structure of S-hexanoylcysteine. 534 

(c) Schematic of the workflow for detecting FAHD2A hexanoylation via metabolic labeling, 535 

immunoprecipitation, click chemistry and western blot from cells stably expressing FAHD2A-536 

FLAG. 537 

(d) Western blot analysis confirming FAHD2A hexanoylation. HepG2 or 293T cells expressing 538 

FAHD2A-FLAG were treated with 100 μM azido-hexanoic acid or hexanoic acid control. 539 

Hexanoylation was detected via click chemistry conjugation to biotin, followed by anti-Biotin 540 

immunoblotting.  541 

(e) Western blot analysis comparing hexanoylation of wild-type (WT) and C301S mutant 542 

FAHD2A tagged with FLAG expressed in HepG2 cells. Experiments were performed as in (c). 543 

Biotin immunoblotting reflects FAHD2A hexanoylation levels, while anti-FLAG immunoblotting 544 

indicates FAHD2A protein input. 545 

(f) Quantification of relative hexanoylation levels of the C301S mutant compared to wild-type 546 

FAHD2A from (e). The FAHD2A hexanoylation was normalized to the total FAHD2A protein 547 

level and the hexanoylation level of FAHD2A-WT as the control was set to 1.  548 

All experiments were performed with at least three independent biological replicates. Data are 549 

presented as mean ± SEM. Statistical significance was determined by two-tailed unpaired t-test (f). 550 

 551 

 552 

 553 

 554 

 555 

 556 
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Figure 3. ZDHHC3 is a putative “writer” of protein hexanoylation. 558 

(a, b) Overexpression of ZDHHC3 enhances FAHD2A hexanoylation. (a) Immunoblot analysis 559 

of FAHD2A hexanoylation in HepG2 cells expressing FAHD2A-FLAG with or without 560 

ZDHHC3-EGFP-HA overexpression. (b) Quantification of relative FAHD2A hexanoylation 561 

levels from (a). The FAHD2A hexanoylation level was normalized to the total FAHD2A protein 562 

level and the hexanoylation level of control group (with 100 μM azido-hexanoic acid but without 563 

ZDHHC3-EGFP-HA overexpression) was set to 1. 564 

(c, d) ZDHHC3 is required for FAHD2A hexanoylation. (c) Immunoblot assessment of FAHD2A 565 

hexanoylation in HepG2 cells following ZDHHC3 knockdown (shZDHHC3). (d) Quantification 566 

of relative FAHD2A hexanoylation levels from (c). The FAHD2A hexanoylation level was 567 

normalized to the total FAHD2A protein level and the hexanoylation level of control group (with 568 

100 μM azido-hexanoic acid but without shZDHHC3) was set to 1. 569 

(e) ZDHHC3 overexpression elevates global protein hexanoylation. Immunoblot detection of 570 

global protein hexanoylation in HepG2 cells with or without ZDHHC3-EGFP-HA overexpression.  571 

(f) ZDHHC3 is required for global protein hexanoylation. Immunoblot analysis of global protein 572 

hexanoylation in HepG2 cells with or without ZDHHC3 knockdown.  573 

All data are presented as mean ± SEM from at least three independent experiments. Statistical 574 

significance was determined by two-tailed unpaired t-test (b, d).  575 

 576 

 577 
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 578 

Figure 4. SIRT4 is a potential “eraser” of protein hexanoylation 579 

(a, b) A sirtuin inhibitor increases FAHD2A hexanoylation. (a) Immunoblot of FAHD2A 580 

hexanoylation in HepG2 cells treated with the HDAC inhibitor TSA or the SIRT inhibitor NAM. 581 

(b) Quantification of relative FAHD2A hexanoylation from (a). The FAHD2A hexanoylation level 582 

was normalized to the total FAHD2A protein level and the hexanoylation level of control group 583 

(with 100 μM azido-hexanoic acid but without inhibitors) was set to 1. 584 

(c, d) SIRT4 is a potent dehexanoylase for FAHD2A. (c) Immunoblot analysis of FAHD2A 585 

hexanoylation in HepG2 cells overexpressing control (mCherry), SIRT3, SIRT4, or SIRT5. (d) 586 

Quantification of relative FAHD2A hexanoylation from (c). The FAHD2A hexanoylation level 587 

was normalized to the total FAHD2A protein level and the hexanoylation level of control group 588 

(with 100 μM azido-hexanoic acid but without SIRT expression) was set to 1. 589 

(e, f) SIRT4 is required to dehexanoylate FAHD2A. (e) Immunoblot of FAHD2A hexanoylation 590 

in HepG2 cells following SIRT4 knockdown (shSIRT4+) compared to a non-targeting control 591 

(shSIRT4-). (f) Quantification of relative levels of FAHD2A hexanoylation from (e). The 592 

FAHD2A hexanoylation level was normalized to the total FAHD2A protein level and the 593 
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hexanoylation level of control group (with 100 μM azido-hexanoic acid but without shSIRT4) was 594 

set to 1. 595 

(g, h) SIRT4 negatively regulates global protein hexanoylation. Immunoblot of global protein 596 

hexanoylation levels in HepG2 cells with SIRT4 overexpression (g) or with SIRT4 knockdown 597 

(h).  598 

All data are shown as mean ± SEM from at least three independent experiments. Statistical 599 

significance was assessed by one-way ANOVA with Dunnett’s multiple comparisons test (d), and 600 

two-tailed unpaired t-test (f).  601 
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 611 

Extended Data Figure 1. Gene Ontology biological process analysis of medium-chain 612 

acylomes 613 

(a-d) Gene Ontology (GO) biological process analysis of significantly enriched proteins from the: 614 

(e) Hexanoylation proteome, (f) Octanoylation proteome, (g) Decanoylation proteome, and (h) 615 

Dodecanoylation proteome in Figure 1. GO terms are ranked by their p-values, with color intensity 616 

reflecting the magnitude of –log10 (p-value) for each enriched term. 617 

 618 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.07.22.000294. This version posted July 22, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 619 

Extended Data Figure 2. Validation of FAHD2A hexanoylation 620 

(a) MS/MS validation of the second hexanoylation site on FAHD2A at Cys215. Fragmentation 621 

spectra of the hexanoylated peptide (TFDTFChexPLGPALVTK) derived from endogenously 622 

isolated FAHD2A-FLAG in HepG2 cells are compared with its synthetic counterpart and a 1:1 623 

mixture, confirming their identical fragmentation patterns and complementing the data for Cys301 624 

shown in the main figure (Fig. 2a). 625 
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(b, c) Hexanoylation is directly derived from exogenous hexanoic acid. (b) Schematic of the D11-626 

heavy isotope labeling workflow to analyze cysteine hexanoylation of FAHD2A. (c) 627 

Representative MS/MS spectrum of a D11-labeled FAHD2A peptide (TFDTFCD11-hexPLGPAL 628 

VTK) exhibiting a +109.1422 Da mass shift on cysteine residue, identified in HepG2 cells 629 

expressing FAHD2A-FLAG and cultured with D11-hexanoic acid. 630 

All spectra shown are representative of results from three independent biological replicates. 631 
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 647 

Extended Data Figure 3. Subcellular localization of ZDHHC3 and validation of ZDHHC3 648 

knockdown  649 

(a) qPCR analysis confirming efficient knockdown of ZDHHC3. mRNA levels in HepG2 cells 650 

expressing shRNA targeting ZDHHC3 (shZDHHC3) were measured relative to a non-targeting 651 

control (shCTR). Data are presented as mean ± SEM from three independent experiments. 652 

Statistical significance was determined by two-tailed unpaired t-test. 653 

(b) Confocal microscopy images show no colocalization between ZDHHC3-EGFP (green) and 654 

mitochondria labeled with MitoTracker Red in HepG2 cells. Scale bar: 20 μm. 655 
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660 

Extended Data Figure 4. Subcellular localization of SIRT family members and validation of 661 

SIRT4 knockdown 662 

(a) SIRT3, SIRT4, and SIRT5 localize to mitochondria. Representative confocal microscopy 663 

images of HepG2 cells expressing the indicated SIRT-mCherry-HA fusion proteins (red) are 664 

shown. Mitochondria were labeled with MitoTracker Green (green), and nuclei were stained with 665 

Hoechst 33342 (blue). The merged images confirm the mitochondrial localization of SIRT3, 666 

SIRT4, and SIRT5. Scale bar, 10 µm. 667 

(b) Validation of SIRT4 protein knockdown. Immunoblot analysis of SIRT4 protein levels in 668 

HepG2 cells expressing a non-targeting control shRNA (shCTR) or an shRNA targeting SIRT4 669 

(shSIRT4). COX IV serves as a loading control. The immunoblot in (b) is representative of three 670 

independent experiments. 671 
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