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Abstract 

Protein cysteine is susceptible to diverse oxidations, including disulfide, S-sulfenylation, 

S-nitrosylation, and S-glutathionylation, that regulate many biological processes in 

physiology and diseases. Despite evidence supporting distinct biological outcomes of 

individual cysteine oxoforms, the approach for examining functional effects resulting from 

a specific cysteine oxoform, such as S-glutathionylation, remains limited. In this report, 

we devised a dehydroglutathione (dhG)-mediated strategy, named G-PROV, that 

introduces a non-reducible glutathionylation mimic to protein with the subsequent delivery 

of the modified protein to cells to examine “phenotype” attributed to “glutathionylation”. 

We applied our strategy to fatty acid binding protein 5 (FABP5), demonstrating that dhG 

induces selective modification at C127 of FABP5, resembling S-glutathionylation. dhG-

modified glutathionylation in FABP5 increases its binding affinity to linoleic acid, enhances 

its translocation to the nucleus for activating PPARβ/δ, and promotes MCF7 cell migration 

in response to linoleic acid. Our data report a facile chemical tool to introduce a 

glutathionylation mimic to protein for functional analysis of protein glutathionylation.   

 

  

 

 

 

 

 

 

https://doi.org/10.26434/chemrxiv-2025-h5t0g ORCID: https://orcid.org/0000-0003-0765-3074 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2025-h5t0g
https://orcid.org/0000-0003-0765-3074
https://creativecommons.org/licenses/by-nc/4.0/


Introduction 

 Cysteine in proteins is unique for its high nucleophilicity and oxidation-

susceptibility.1, 2 These features render protein cysteines to exert distinct biological 

functions, such as redox sensing.1, 3 Cysteine oxidations occur in response to diverse 

biological, medical, and environmental factors, including growth factors and cytokines,4-6 

reactive oxygen species (ROS),7 nutrients,8-10 chemotherapy,11, 12 radiation,13 and 

metals,14, 15 suggesting their prevalence and significance in biology and medicine. The 

complexity of cysteine oxidations is that cysteine forms diverse oxoforms, including S-

sulfenylation, disulfide formation, S-glutathionylation, and S-nitrosylation, which retain 

unique structures and chemical reactivity.3 Although different cysteine oxoforms could 

cause similar functional outcomes (e.g., inhibiting enzyme activity), evidence supports 

that individual cysteine oxidations occur on distinct sets of proteins and regulate different 

biological pathways and processes,16 warranting investigation of individual cysteine 

oxidations.  

 Protein S-glutathionylation is one of the main cysteine oxidations and represents 

protein cysteine disulfide bond formation with intracellular glutathione.17 The significance 

of protein S-glutathionylation has been demonstrated with its regulatory or contributing 

roles in physiology and pathology,17, 18 including proliferation, migration,4, 19 

inflammation,20 fibrosis,21 the cardiovascular system,22, 23 neurodegeneration,24 and 

cancers,25 among others. It is notable that the development of biochemical tools and 

strategies, especially in conjugation with proteomics and mass spectrometry, enabled the 

identification of a large number of proteins and cysteines (n>2,000) susceptible to S-

glutathionylation.17 The cysteine sites identified via proteomics serve as important 
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candidates for uncovering the biological functions upon their glutathionylation.4 However, 

the general strategy for functional analyses relies on comparing biological phenotypes 

between two cohorts of cells expressing wild-type (WT) or Cys mutants (e.g., Cys to Ser 

or Ala) of a protein of interest (POI), i.e., mutating an oxidizable Cys residue.4, 26, 27 

Although effective, the approach concludes that biological functions are attributed to the 

POI’s “oxidation” per se while there is a lack of direct evidence linking the POI’s 

“glutathionylation” to biological phenotypes.  

 To address the limitation, we devised a strategy in this report, named “dhG-

induced protein glutathionylation and delivery” (G-PROV) (Figure 1). The strategy 

involves two steps: (1) introducing a non-reducible glutathionylation mimic to POI using 

dehydroglutathione (dhG) (step 1) and (2) delivery of the modified POI to cells (step 2) 

where the functional effects of POI with a glutathionylation mimic can be investigated. We 

applied our strategy to fatty acid binding protein 5 (FABP5). FABP5 is one FABP isoform 

that plays an important role in lipid transport and metabolism.28 FABP5 is implicated in 

metabolic syndrome, neurologic diseases, inflammation, and cancers.28, 29 Previous 

studies showed that FABP5 is a redox-active protein, forming intracellular disulfide and 

S-glutathionylation.30-32 Functional analysis demonstrated that FABP5 S-glutathionylation 

suppresses lipopolysaccharide-induced inflammation in macrophages.31 In this study, we 

showed that the G-PROV strategy induces a glutathione modification in FABP5, 

resembling S-glutathionylation. We demonstrated that dhG-derived glutathione 

modification in FABP5 increases its binding affinity with linoleic acid (LA), activates 

peroxisome proliferator-activated receptor β/δ (PPARβ/δ), and increases migration of 

MCF7 cells upon incubation of LA. Our report provides a new facile strategy for the 
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functional study of protein glutathionylation while providing evidence linking “FABP5 

glutathionylation” to “cancer cell migration.” 

 

Result 

dhG generates a glutathione modification on Cys resembling glutathionylation.  

dhG contains dehydroalanine (dhA) instead of L-Cys in glutathione (γGlu-Cys-Gly).33 The 

Michael acceptor in dhG can react with protein cysteine to form a protein-glutathione 

conjugate with a thioether linkage (P-SG) in place of disulfide (PS-SG) in 

glutathionylation. While the P-SG differs from PS-SG such that it lacks one sulfur atom 

and likely loses stereochemistry at the Cys in glutathione, we envisioned it is a close 

mimic to glutathionylation and non-reducible, and it may induce similar functional effects 

to glutathionylation.  

 dhG was synthesized in two steps from glutathione (Figure S1A).33 dhG was then 

tested for its reaction with cysteine. The incubation of dhG with N-acetylcysteine (NAC) 

in PBS resulted in the Michael reaction product containing the thioether bond (Figure 2A) 

confirmed by NMR (Figure S1B). Next, dhG was examined for its reaction with a Cys-

containing 16-mer peptide (PEP: AVMNNVTCTRIYEKVE. The sequence is derived from 

the redox active C127 in FABP5 with neighboring amino acids) (Figure 2B). PEP reaction 

with dhG also generated the Michael reaction conjugation product confirmed by mass 

spectrometry (Figure S1C), suggesting the selective reaction of dhG with Cys. The 

reactions of Michael acceptors, such as an acryl group, with thiols proceed at high rates 

(the second-order rate constant 0.25-65.0 M-1s-1).34 Therefore, we monitored the reaction 

kinetics of dhG with fluorescein-conjugated PEP (FAM-PEP) (Figure 2B, top). To 
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measure the reaction rate, FAM-PEP conjugation with dhG (over 10-fold excess, pH 8.0) 

was monitored over time in the urea-based gel electrophoresis (Figure 2B, bottom).35 

FAM-PEP showed time- and dose-dependent dhG conjugation (Figure S1D) with the 

second-order rate constant of 53.6 M-1min-1 (Figure 2C). The kinetics indicates a half-life 

(t1/2) of FAM-PEP is 12.9 min (with 1 mM dhG), suggesting 90% conversion in <1 h. These 

experiments confirm that dhG selectively reacts with Cys, leading to a thioether-based 

glutathione modification on Cys. 

 

dhG induces a glutathione modification at Cys127 of FABP5 

To evaluate dhG with protein, we selected FABP5, known for its cysteine oxidation. 

FABP5 has six cysteines (Figure 3A), among which C120 and C127 are in proximity (4.4 

Å) and susceptible to disulfide bond formation,30, 32 and C127 is reported to form S-

sulfenylation36 and S-glutathionylation,17, 31 suggesting C127 as a redox-active cysteine.  

We expressed and purified FABP5 from E. coli, and bound lipids were removed by 

delipidation (Figure S2). The dhG incubation with FABP5 caused dhG concentration-

dependent modification detectable by glutathione antibody (Figure 3B). dhG modification 

in FABP5 was not reduced upon DTT treatment, whereas the same DTT treatment 

reduced the level of S-glutathionylation in FABP5 induced by GSSG (Figure S3A), 

confirming a non-reducible nature of dhG modification in FABP5.  

To analyze modified cysteines, FABP5 WT and individual cysteine mutants were 

compared. dhG induced glutathione modification in C120S and C87S with comparable 

levels to WT, whereas dhG modification in C127S was significantly reduced compared to 

WT (Figure 3C), suggesting that C127 is a major cysteine for dhG modification. Next, dhG 
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modification was compared with S-glutathionylation. FABP5 constructs incubated with 

oxidized glutathione (GSSG) showed a similar pattern as dhG, such that FABP5 C127S 

has a reduced signal of S-glutathionylation compared to WT, C120S, and C87S (Figure 

3D). 

To confirm dhG-modified cysteine sites, FABP5 constructs without and with dhG 

incubation were analyzed by MALDI-TOF. The analysis showed that dhG induced +273 

Da addition to FABP5 WT (18,641 vs. 18368 Da with and without dhG. Expected mass 

change: +273.10 Da) (Figure 3E, left middle), whereas no significant change was 

observed with C127S (18,356 vs. 18,357 Da with and without dhG) (Figure 3E, right 

middle). In comparison, the incubation of GSSG caused +305 Da addition to FABP5 WT 

(18,673 vs. 18,368 Da with and without GSSG. Expected mass change: +305.2 Da) 

(Figure 3E, left, bottom) without observing a significant mass change with FABP5 C127S 

(18,355 vs. 18,357 Da with and without GSSG) (Figure 3E, right, bottom). Subsequently, 

FABP5 WT modified by dhG was digested by cyanogen bromide (CNBr). The MALDI-

TOF analysis of the fragmented mixture identified the mass matching to a peptide 

modified with dhG at C127 via Michael addition (NNVTC*TRIYEKVE, m/z 1842 Da) 

(Figure S3B). The subsequent LC-MS/MS analysis confirmed dhG modification at C127 

(Figure 3F). These experiments support that FABP5 C127 is the most susceptible to dhG 

modification via the Michael reaction, generating a thioether form of non-reducible 

glutathione modification in FABP5. dhG modification occurs in the same cysteines as S-

glutathionylation in FABP5.  

 

FABP5 dhG modification increases its binding affinity to fatty acid 
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FABP5 has a twisted β-barrel structure, comprised of two β-sheets arranged by ten β-

strands, and two helices (α1 and α2) acting as a lid on top of the β-barrel (Figure 3A).32 

A fatty acid binds to the inner space of the β-barrel with U- or L-shape conformation 

(Figure 3A, right),37 by which the helical lid moves in or out from the β-barrel core, 

increasing or decreasing α2 helix interaction with a βC-βD loop (i.e., M35 and L60).37 

C127 is relatively hidden in the β-barrel core, albeit close to the helix lid (Figure 3A). 

Interestingly, FABP5 C127 S-glutathionylation was shown to increase its binding affinity 

to linoleic acid (LA) in a biochemical pull-down experiment.31 To demonstrate the 

functional similarity of FABP5 dhG modification to S-glutathionylation, we examined the 

binding affinity of FABP5 with LA after dhG modification or S-glutathionylation.     

 The isothermal titration calorimetry (ITC) experiment demonstrated that FABP5 

WT binds to LA with a KD value of 2.2 ± 1.1 μM (Figure 4A, left, and 4C). In contrast, after 

dhG modification, FABP5 WT displayed ca. 3-fold higher binding affinity (KD = 0.74 ± 0.05 

μM) (Figure 4A, right, and 4C), consistent with the observation that FABP5 S-

glutathionylation increases its binding with LA.31 However, after GSSG incubation, FABP5 

WT displayed binding affinity (KD = 2.4 ± 6.1 μM) similar to non-glutathionylated FABP5 

WT (Figure 4C and S4). The discrepancy was hypothesized that FABP5 WT S-

glutathionylation at C127 may have caused C120 to displace the glutathione on C127, 

forming an intramolecular disulfide during purification steps. To remove the complication 

resulting from C120/C127 disulfide, we analyzed FABP5 C120S. FABP5 C120S retained 

similar binding affinity (KD = 2.3 ± 2.1 μM) (Figure 4B, left, and 4C) comparable to FABP5 

WT, suggesting C120S mutation does not cause a significant change in its binding to LA. 

FABP5 C120S increased its binding affinity to LA after dhG modification (KD = 0.71 ± 0.03 
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μM) (Figure 4B, right, and 4C) or GSSG incubation (KD = 0.66 ± 0.05 μM) (Figure 4C and 

S4). The increased binding energy (ΔG = -8.4 vs. -7.7) of FABP5 WT with LA upon dhG 

modification is driven by more favorable enthalpy (ΔH = -4.0 vs. -1.0) and less unfavorable 

entropy (ΔS = -4.3 vs. -6.6) (Figure 4D, bars 1 vs. 2). FABP5 C120S showed the 

essentially same thermodynamic changes as WT upon dhG modification (Figure 4D, bars 

4 vs. 5). In addition, GSSG-induced S-glutathionylation caused the same thermodynamic 

changes as dhG modification in FABP5 C120S (Figure 4D, bars 6 vs. 5). These 

experiments support that FABP5 C127 glutathione modification increases the binding 

affinity to LA, and dhG-induced FABP5 glutathione modification exhibits comparable 

functional effect to FABP5 S-glutathionylation. 

 

FABP5 glutathione modification increases its nuclear level and PPARβ/δ 

activation 

The second step of our G-PROV strategy is to deliver the dhG-modified POI to cells 

(Figure 1). To do so, we used fusogenic liposome, which has been demonstrated to 

deliver cargo protein to the cytoplasm via fusion with the plasma membrane, as opposed 

to lysosome or endosome via endocytosis.38 First, we analyzed the delivery of FABP5 to 

MCF7 cells, which have a low level of endogenous FABP5.39 The fusogenic liposome 

containing FLAG-FABP5 was incubated with MCF7 cells (1 h). The immunostaining of 

FLAG-FABP5 was found largely distributed in the cytoplasm without localizing to the 

nucleus, while the FLAG-signal was minimally overlapped with the endosome marker 

Rab9A (Figure S5A),40 supporting that FABP5 was delivered mostly to the cytoplasm but 

with its low level at the endosome/lysosome.  
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 The cellular delivery of FLAG-FABP5 constructs via fusogenic liposomes was also 

analyzed in lysates. The western blot analysis by FLAG-antibody found that the same 

amounts of four constructs (FABP5 WT and C127S without and with dhG) were delivered 

to cells (Figure 5A, FLAG). In contrast, glutathione modification is mainly found in cells 

with FABP5 WT incubated with dhG (FABP5 WT-SG), along with its low level in FABP5 

C127S incubated with dhG (FABP5 C127S-SG) (Figure 5A, lanes 2 vs. 1, 3, 4). Notably, 

one distinct protein band, corresponding to FABP5 molecular weight, shows a strong 

signal for glutathione modification (Figure 5A, lane 2), suggesting that mainly a single 

protein, FABP5, retains a significant level of glutathione modification in the whole 

proteome.  

 FABP5 upon binding to LA generates its non-canonical nuclear localization 

signal.37 FABP5 was previously shown to increase its translocation to the nucleus in 

response to H2O2,31 implying that FABP5 S-glutathionylation increases its binding to LA 

and enhances its nuclear localization. The translocated FABP5 interacts with PPARβ/δ 

for transcriptional activation.41 Therefore, the nuclear levels of four FABP5 constructs in 

response to LA were examined by detecting FABP5 in the nuclear lysates after cell 

fractionation. FABP5 WT-SG did not show its increased nuclear level, compared to 

FABP5 WT, without adding LA (Figure 5B, lane 3 vs. 2). However, FABP5 WT-SG was 

more significantly found in the nuclear extract than FABP5 WT upon adding LA (Figure 

5B, lane 6 vs. 5), suggesting the enhanced translocation of FABP5 upon dhG 

modification. Lastly, The PPARβ/δ transcriptional activation was examined. The PPARβ/δ 

activation assay showed that FABP5 WT and FABP5 WT-SG activate PPARβ/δ at 

comparable levels without adding LA (Figure 5C, bars 3 vs. 2). However, in the presence 
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of LA, FABP5 WT-SG induced higher PPARβ/δ activation than FABP5 WT (Figure 5C, 

bars 6 vs. 5). These experiments support that dhG-modified FABP5 glutathionylation 

increases nuclear translocation and PPARβ/δ activation.  

 

FABP5 glutathione modification increases cell migration  

The PPARβ/δ activation induces higher migration, invasion, and metastasis of 

cancer cells.29, 42, 43 Therefore, we analyzed the migration of MCF7 cells containing 

FABP5 constructs upon adding LA. The in vitro scratch migration assay showed that 

MCF7 cells containing FABP5 WT or FABP5 WT-SG showed comparable levels of cell 

migration in the absence of LA (Figure 5D, bars 3 vs. 2). However, upon incubating LA, 

FABP5 WT-SG induced higher cell migration than FABP5 WT (Figure 5D, bars 6 vs. 5). 

To see the importance of C127 for glutathione modification, we analyzed FABP5 C127S 

without and with glutathione modification by dhG. Unlike FABP5 WT, FABP5 C127S and 

FABP5 C127S-SG induced similar levels of MCF7 cell migration in the presence and 

absence of LA (Figure 5E, lanes 2 vs 3, and 5 vs. 6 and S5B), supporting that FABP5 

C127 glutathione modification is responsible for the observed increase in cell migration.  

 

Discussion 

S-glutathionylation is emerging as an important redox-regulatory event in 

pathophysiologic processes.17 Although a large number of S-glutathionylated proteins 

were identified via proteomics, the functional annotation of the identified S-

glutathionylated cysteines remains still limited.17 In this report, we developed a strategy 

named G-PROV that installs glutathione modification on a protein of interest (POI) with 
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its subsequent delivery to cells, where the functional effects of “glutathione” modification 

of POI can be probed. It is worth stating that the proteome in cells largely stays in a 

reduced state at a basal (non-stressed) condition. Therefore, the cellular delivery of POI 

modified by dhG via the fusogenic liposome rendered cells, where only POI retains a 

significant glutathione modification in the proteome, and the effect of glutathionylation on 

a single protein can be investigated. Therefore, the G-PROV approach helps determine 

“phenotype” changes resulting from POI “glutathione” modification.  

 Previously, the “Tag-and-Modify” approach for converting cysteines in a 

recombinant protein to dehydroalanine (dhA) (e.g., using diethyl meso-2,5-dibromo 

adipate) was developed.44, 45 Subsequently, dhA in a protein could be further derivatized 

to diverse post-translational modifications (PTMs), including glutathionylation.44 

Therefore, the “Tag-and-Modify”-mediated non-reducible glutathione modification in 

proteins is feasible,44 but the approach typically accompanies mutations of other 

cysteines than cysteines of interest. In addition, the two-step process may involve 

additional purification steps. As an alternative, the G-PROV strategy demonstrates a 

simple one-step for glutathione modification in protein combined with a strategy for its 

cellular delivery for functional analysis. However, it is important to note that the Michael 

reaction between dhG and cysteine in protein generates glutathione modification with a 

loss of stereochemistry in Cys of glutathione and one atom shorter than S-

glutathionylation. Although we demonstrate that dhG-modification in FABP5 induces 

similar functional changes to S-glutathionylation, it is possible that dhG-mediated 

glutathione modification could cause biochemical changes deviating from S-

glutathionylation. 

https://doi.org/10.26434/chemrxiv-2025-h5t0g ORCID: https://orcid.org/0000-0003-0765-3074 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2025-h5t0g
https://orcid.org/0000-0003-0765-3074
https://creativecommons.org/licenses/by-nc/4.0/


 FABP5 has six cysteines (C43, C47, C67, C87, C120, and C127). The six 

cysteines are partially conserved in the FABP family, and FABP5 is the only member in 

the FABP family with six cysteines. C120-C127 disulfide was found previously,32 and C67-

C87 are in proximity without forming the disulfide.32 In addition to intramolecular disulfide, 

C127 was found for S-sulfenylation46 and S-glutathionylation,31 suggesting its tendency 

to form multiple oxoforms with high nucleophilicity and oxidation susceptibility. In this 

report, we introduced a glutathione modification mainly at C127 in FABP5. The ITC 

experiment showed that dhG-modified or GSSG-mediated glutathionylation in FABP5 at 

C127 increases ca. 3-4-fold binding affinity. Interestingly, the increase of the binding 

affinity (more negative ΔG) is attributed to the enthalpy increase (more negative ΔH) in 

addition to the more favorable entropy (more positive ΔS), suggesting that glutathione 

could form additional interactions with LA directly or via a network of water molecules in 

a pocket. Thus, the data imply that the increased binding affinity of FABP5 may result 

from glutathione modification per se rather than other oxoforms. However, it remains to 

be seen whether other oxoforms of C127 can increase FABP5 binding affinity to LA. 

Lastly, we demonstrate that FABP5 glutathione modification increases MCF7 cell 

migration via activating PPARβ/δ. Because FABP5 is involved in activating many 

transcription factors and oncogenes (e.g., NF-kB),29 it would be necessary to see whether 

FABP5 glutathionylation regulates other signaling pathways. 

 

Experimental Methods 

Protein purification. pET2a-FABP5 wild-type plasmid was a gift from Dr. Martin 

Kaczocha at Stony Brook University. FABP5 mutants (C127S, C120S, and C87S) were 
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generated using site-directed mutagenesis (C87S forward primer: 5'-

GCAGAAAAACTCAGACTGTCAGCAACTTTACAGATGGTG-3’ and reverse primer: 5'-

CACCATCTGTAAAGTTGCTGACAGTCTGAGTTTTTCTGC-3’; C120S forward primer: 

5'-GAAATTAGTGGTGGAGAGCGTCATGAACAATGTCACC-3’ and reverse primer: 5'-

GGTGACATTGTTCATGACGCTCTCCACCACTAATTTC-3’; C127S forward primer: 5'-

GTCATGAACAATGTCACCAGCACTCGGATCTATGAAAAAG-3’ and reverse primer: 5'-

CTTTTTCATAGATCCGAGTGCTGGTGACATTGTTCATGAC-3’). FLAG tag was 

inserted into FABP5 constructs to generate pET2a-FLAG-FABP5 plasmids using inverse-

PCR (forward primer: 5'-GATGACGACAAGCATATGGCCACAGTTCAGCAGCTG-3’ and 

reverse primer: 5'-GTCTTTGTAGTCCCCGCTGCCGCGCGGCAC-3’). FABP5 plasmids 

were transformed into BL21 (DE3) competent cells. A single colony was inoculated into 

5 mL Luria Broth (LB) medium containing 50 μg/mL kanamycin and grown at 37 ºC for 16 

h. 2.5 mL overnight culture was inoculated into 1 L LB medium containing 50 μg/ml 

kanamycin and grown at 37 ºC until OD600 reached 0.5. Protein expression was induced 

with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubated at 18 ºC for 18 

h. Cells were pelleted by centrifugation at 5,000 rpm and washed with cold Tris-HCl buffer. 

Cells were lysed using a French press with a lysis buffer (25 mM Tris, pH 7.4, 300 mM 

NaCl, 1 mM DTT, and Pierce protease inhibitor, pH 7.4). Clarified lysate was incubated 

with Ni-NTA agarose beads at 4 ºC for 2 h. Proteins were eluted using elution buffer (25 

mM Tris, 75 mM NaCl, 300 mM imidazole, 1 mM DTT, pH 7.4). Pure fractions were 

combined and dialyzed in dialysis buffer (25 mM Tris, pH 7.4, 75 mM sodium chloride, 1 

mM DTT, and 5% glycerol).  
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Protein delipidation. 100 mg of lipophilic Sephadex LH-20-100 (hydroxypropyl dextran 

with C13-C18 alkyne ethers, dry beads)47 (Sigma, H6383) was activated by immersing in 

500 μL of buffer (10 mM potassium phosphate, 150 mM potassium chloride, 0.2 g/L 

sodium azide, pH 7.4) in a 1.5 mL microcentrifuge tube, followed by shaking at 37 °C for 

2.5 h. 500 μL of FABP5 (2 mg/mL) was mixed with the bead suspension. The protein 

bead mixture was shaken at 37 °C for 2 h. The beads were separated from the protein 

using a 0.22-μm Millipore Amicon filter. Two cycles of the treatment were carried out. 

Delipidated FABP5 was dialyzed in PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 

137 mM sodium chloride, 1 mM DTT, and 5% glycerol, pH 7.4). Lipid removal was 

confirmed by staining delipidated protein with iodine solution (0.5 mg I2 in 1 mL 

chloroform) on a TLC plate. 

 

FABP5 dhG modification or S-glutathionylation. To FABP5 protein (0.5 mg) in PBS 

(pH 8.0) (0.5 mL) containing 1 mM DTT was added 10 mM dhG or 5 mM GSSG. The 

reaction was incubated at room temperature for 12 h unless stated otherwise. Unreacted 

dhG and GSSG were removed through dialysis. dhG modification or S-glutathionylation 

was analyzed using Coomassie stain or western blot.  

 

Mass spectrometry. For MALDI-TOF analysis, 50 μg of FABP5-SG or FABP5-SSG was 

dialyzed into Milli-Q water containing 0.1% TFA. 1 μL sample was mixed with 1 μL of 2-

cyano-3-(4-hydroxyphenyl)-2-propenoic acid) (α-CHCA) matrix solution (10 mg α-CHCA 

in 1 mL methanol with 0.1% TFA). 1 μL sample was spotted on a MALDI plate and 

analyzed by MALDI-TOF (Bruker). For MS/MS analysis, 50 μg of FABP5-SG was treated 
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with CNBr (10 μL of a solution prepared by 10 mg CNBr in 0.5 mL of 0.5 N HCl). The 

sample was incubated for 12 h at room temperature. The sample was purified on a C18 

ziptip, lyophilized, and resuspended at a concentration of 1 μg/μL in 0.1% trifluoroacetic 

acid with sonication. LC-MS/MS analysis was carried out with an Ultimate 3000 

RSLCnano system (Thermo Scientific) coupled to an Orbitrap Eclipse mass spectrometer 

(Thermo Scientific). For the chromatographic separation, the column compartment 

temperature was set to 45 °C, and the flow rate was set to 0.200 µL/min. Buffer A 

consisted of 0.1% formic acid in Milli-Q water, and Buffer B consisted of 0.1% formic acid 

in acetonitrile.1 μg of the sample was loaded onto a trap column (nanoEase M/Z 

Symmetry C18, 100 Å, 120 μm x 20 mm, Waters) and washed for 10 min with Buffer A. 

The trap column was placed in line with the resolving column (nanoEase M/Z Peptide 

BEH C18, 130 Å, 75 μm x 250 mm, Waters) and separated using a linear gradient 

increasing from 5% to 30% B over 75 min, then from 30% to 80% B over 5 min, held at 

80% B for 10 min at an increased flow rate of 0.300 µL/min, and equilibrated at 5% B for 

10 min.  

MS data were acquired in data-dependent acquisition mode using a cycle time of 

3 s. For each cycle, the MS1 scan was performed in the Orbitrap at 120k resolution, and 

precursor ions with a charge state between 2+ and 8+ and a mass of 350 – 1800 m/z 

were isolated (1.4 m/z window) for fragmentation by higher-energy collisional dissociation 

(30%). MS2 scans were performed in the ion trap with a scan range of 200 – 1400 m/z, 

a maximum injection time of 35 ms, and the scan rate was set to Turbo mode. Dynamic 

exclusion was enabled at 20 s.  
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RAW files were searched with MaxQuant 2.6.5.0 against the UniProt human 

complete database downloaded 2024.10.05 (83,413 entries) plus a contaminant 

database. N-terminal acetylation and methionine oxidation were variable modifications. 

dhG addition to cysteine (C10H15N3O6, 273.09608) was used for the modification. All other 

parameters were left at default values. Peptide spectra matches were accepted at a 1% 

false discovery rate as determined by a reverse database search. Peptide modification 

was analyzed using Skyline software (version 24.1.0.199). dhG modification (C10H15N3O6, 

273.09608) was input into the structural modification tab. All other parameters were left 

to default values. Peptide libraries were built by importing all msms.txt files into Skyline 

using a default spectral library cut-off score of 0.95. Raw files were imported to Skyline 

for peak picking. Peptides that showed dhG mass modification were identified. 

 

Isothermal titration calorimetry. FABP5 was dialyzed into 25 mM Tris-HCl and 75 mM 

NaCl pH 7.4. The affinity of linoleic acid for FABP5 was measured in MicroCal ITC 

(Malvern). The syringe was filled with linoleic acid (1 mM in Tris-HCl buffer). The sample 

cell was filled with FABP5 (0.1 mM in Tris-HCl buffer). The reference cell was filled with 

Tris-HCl buffer. The sample cell and the syringe were first equilibrated to 25 °C, followed 

by an initial delay of 60 seconds before the first injection of 0.4 μL of linoleic acid into the 

sample cell for 4 seconds. For the remaining injections, a 2 μL volume of linoleic acid 

solution was injected into the sample cell for 4 seconds. The syringe was stirred 

continuously in the sample cell at 750 rpm. A total of 19 injections were performed with a 

spacing of 150 seconds. The binding data were analyzed using the MicroCal ITC 

software. A one-site binding model was fitted to the data to calculate the binding 
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parameters. The equilibrium dissociation constant (KD), Gibbs energy (ΔG), enthalpy 

(ΔH), and entropy (TΔS) were determined from the curve. 

 

Cell culture. MCF-7 cells were purchased from ATCC and maintained in EMEM medium 

supplemented with 10 % fetal bovine serum (FBS, Hyclone, Cytiva), penicillin (100 

units/mL), and streptomycin (100 µg/mL) (Pen-Strep). Cells were maintained at 37 °C in 

5 % CO2 in a humid atmosphere.  

 

Fusogenic liposome preparation. Stock solutions of 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), N, N, N-trimethyl-2,3-bis(oleoyloxy)propan-1-aminium 

methylsulfate (DOTAP) and 1,1’-dioctadecyl-3, 3, 3', 3’-

tetramethylindotricarbocyanineiodide (DiR') were prepared in chloroform with a ratio of 

1:1:0.1 (w/w/w). Chloroform was removed under vacuum. 60 μg dried lipids were 

resuspended in PBS (0.15 mL), pH 7.4, containing 12 μg FABP5 construct. The 

suspension was mixed thoroughly and sonicated for 5 min on ice. The suspension was 

passed through the Whatman Nuclepore Track-Etch membrane with 0.1 μm pore size 

using an AVANTI Polar Lipids extruder. Liposomes with encapsulated proteins were 

purified via gel filtration with NAP5 columns (Cytiva). 

 

Protein delivery. Cells in a 10 cm dish were washed with 1xPBS. EMEM medium was 

added and incubated at 37 °C for 30 mins. 0.15 mL of PBS solutions containing fusogenic 

liposomes without or with FABP5 construct were diluted with 0.15 mL EMEM. 0.15 mL of 

the diluted solutions were added to cells. Cells were incubated at room temperature or 
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37 °C for 1 h. Cells were washed with 1xPBS (1 mL x 4). Cells were lysed for western 

blot to confirm delivery. For migration assay, EMEM medium (without FBS and Pen-Strep) 

was added, followed by 50 μM linoleic acid. Cells were incubated at 37 °C for 24 h. 

 

Western blot. Cells were lysed in ice-cold RIPA buffer (300 μL per 10 cm dish). After 

incubation at 4 °C for 30 min and centrifugation at 16,000 x g for 10 min at 4 °C, the 

supernatant was collected. The protein concentration was determined by Bradford assay. 

Proteins or lysates were separated by SDS-PAGE (12%) and transferred to the PVDF 

membrane. The membrane was blocked with 5 % BSA in Tris-buffered saline with 0.1% 

tween (TBST) and incubated with the following primary antibodies: FLAG (Sigma-Aldrich, 

F1804, 1:1000), glutathione (Virogen, 101-A-250, 1:1000), β-actin (Santa Cruz 

Biotechnology, sc-8432, 1:1000), GAPDH (Cell signaling, D4C6R, 1: 1000), and Lamin 

B1 (Cell signaling, D4Q4Z, 1: 1000). The membrane was then incubated with horseradish 

peroxidase (HRP)-conjugated anti-mouse IgG (NA931V, Sigma, 1:1000) and anti-Rabbit 

IgG, (NA934V, Sigma, 1:2000) to visualize the proteins by chemiluminescence 

(SuperSignal West Pico). Blots were imaged using the iBright imaging system (Thermo 

Scientific).  

 

Cytoplasmic and nuclear extraction. Cytoplasmic and nuclear proteins were extracted 

using NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, 

78833). Cells were harvested with trypsin-EDTA and centrifuged at 500 × g for 5 min. 

Cells were washed with 1xPBS and pelleted by centrifugation at 500 × g for 3 min. The 

cell pellet was dried and mixed with 500 μL of ice-cold cytoplasmic extraction reagent I 
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(CER I), followed by 27.5 μL of ice-cold cytoplasmic extraction reagent II (CER II). After 

incubating for 1 min, the sample was centrifuged for 5 min at 16,000 × g. The supernatant 

was collected as cytoplasmic extracts. The insoluble (pellet) fraction was suspended and 

lysed in 250 μL ice-cold nuclear extraction reagent (NER). After centrifugation at 16,000 

× g for 10 minutes, the supernatant was collected as nuclear extracts. 

 

PPARβ/δ activation. The method was adapted from prior work.48 PPARβ/δ 

transcriptional activation was performed using the transcriptional factor assay kit (Abcam, 

ab133106). After protein delivery, the MCF7 nuclear extracts were prepared and mixed 

with the complete transcription factor binding assay buffer (CTFB), which was added to a 

96-well plate immobilized with peroxisome proliferator response element (PPRE) and 

incubated at 4 °C. After washing with wash buffer (x5), each well in the plate was 

incubated with PPARβ/δ antibody (Abcam, AB133106, 1:1000) in binding buffer for 1 h at 

room temperature. After washing with wash buffer (x5), anti-rabbit HRP conjugate 

(Abcam, AB133106) was incubated for 1 h at room temperature. After incubating 

developing and stop solutions (colorimetric measurement), the bound PPARβ/δ was 

quantified by reading absorbance at 450 nm using a microplate reader (BioTek plate 

reader).  

 

Migration assay. MCF-7 cells were seeded into 12 well plates coated with 

fibronectin/gelatin to produce a fully confluent monolayer (1.4 x 105 cells). After overnight, 

the monolayer cells were scratched using a 10 μL pipet tip to create an even wound. Cells 

were washed with warm PBS (1 mL x 4) to remove non-adherent cells and incubated in 
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EMEM for 30 min. 50 μL of fusogenic liposome diluted with 50 μL EMEM medium was 

added to cells, followed by incubating at 37 °C for 1 h. After washing with PBS (1 mL x 

4), 50 μM linoleic acid was added to cells in EMEM, and cells were incubated at 37 °C. 

The wound area was imaged at 0 and 24 h using a light microscope connected to a 

camera. Images were analyzed using an MRI wound healing tool in ImageJ software. 

 

NUT gel electrophoresis. Neutral pH urea Triton-polyacrylamide gel electrophoresis 

(NUT gel) was prepared according to the prior work.35 NUT gel (15% resolving) was 

prepared and run with NUT-PAGE running buffer (22 mM MOPS pH 7.0, 100 mM 

imidazole). The samples were run at 125 V for 20 min, then at 100 V for 12 h at room 

temperature. The dhG-modified and non-modified peptides were visualized by 

fluorescence using the iBright imager (Thermo Scientific) and quantified using ImageJ 

software.  

 

Kinetic analysis of dhG modification. Time-dependent samples at three different 

concentrations of dhG (100, 200, and 400 μM) were resolved on NUT-gels. The amounts 

of the peptide (starting peptide) remaining at different time points were quantified using 

ImageJ software. The logarithm values of the starting peptide at different times were 

plotted for reaction rates. Reactions were assumed to follow a pseudo-first-order kinetic 

mechanism. Reaction rates were plotted as a function of dhG concentrations. The 

second-order rate constant of dhG was obtained from the linear curve.  
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Statistical analysis. All data are shown with the means ± SD and analyzed by one-way 

or two-way ANOVA followed by Tukey’s post-hoc test. The value p < 0.03 is statistically 

significant. 

 

Data availability. All data supporting the findings of this study are available from the 

corresponding author upon request.  

 

Supplementary information. This article contains supporting information, including the 

dhG synthesis scheme, peptide reaction with dhG, purification of FABP5 constructs, in 

vitro dhG modification of FABP5, ITC of FABP5 upon GSSG modification, FABP5 

localization by fusogenic liposome, and additional experimental methods. 
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Figure 1. G-PROV approach for functional study of glutathionylated proteins in 

cells. The protein of interest (POI) is subjected to a reaction with dehydroglutathione 

(dhG) in vitro, which induces a non-reducible mimic of glutathionylation (step 1). The dhG-

mediated glutathione-modified POI is delivered to the cytoplasm of cells via fusogenic 

liposome for functional phenotype analysis.  
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Figure 2. dhG reaction with Cys results in a thioether linkage of glutathione 

modification. (A) dhG reaction with Cys, resulting in the Michael reaction adduct. (B) The 

reaction of fluorescein-conjugated Cys-containing peptide (FAM-PEP) with dhG in urea-

gel electrophoresis (n=3). FAM-PEP and its conjugation product were monitored by 

fluorescence. (C) dhG reaction kinetics with FAM-PEP. The intensities of FAM-PEP 

bands at different times were plotted for the rate (top). Reactions were assumed to follow 

pseudo-first-order kinetics. Reaction rates were plotted as a function of dhG 

concentrations (bottom) to determine the second-order rate constant (n=3). Data show 

the mean ± SD or representative of replicate experiments.  
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Figure 3. dhG induces glutathione modification on C127 of FABP5. (A) FABP5 

structure (PDB: 4LKT) with positions of 6 cysteine residues. FABP5 has a twisted β-barrel 

structure with two helices (α1 and α2) acting as a lid (left). An enlarged structure around 

C127 with residues in proximity (middle). The size and depth of the lipid-binding pocket 

in FABP5 (right). Linoleic acid is shown in a stick model (orange). (B) dhG-modification 

on FABP5 WT. Increasing amounts of dhG were incubated with purified FABP5 in PBS, 

which was analyzed by Coomassie stain (CM) and glutathione antibody (α-GSH) (n=2). 

(C) dhG-modification on FABP5 WT and cysteine mutants (n=3). (D) GSSG-mediated S-
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glutathionylation of FABP5 WT and cysteine mutants. Purified FABP5 constructs were 

incubated with GSSG for 1 h (n=3). (E) MALDI-TOF analysis of FABP5 WT or C127S 

incubated with dhG or GSSG. FABP5 constructs were incubated for dhG (10 mM) or 

GSSG (5 mM) for 1 h (n=3). (F) MS2 spectrum of a dhG-modified peptide in FABP5. 

FABP5 modified by dhG was digested by CNBr and analyzed by LC-MS/MS, finding a 

peptide modified by dhG at C127. Data show the mean ± SD or representative of replicate 

experiments. The statistical difference was analyzed by one-way (B-C) or two-way (D) 

ANOVA with Tukey’s post-hoc test, where *p < 0.03, **p < 0.002, ***p < 0.0002, ****p < 

0.0001. 
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Figure 4. dhG-modification of FABP5 increases the binding affinity to linoleic acid. 

(A-B) The isothermal titration calorimetry (ITC) to measure FABP5 binding affinity with 

linoleic acid (LA) upon dhG modification. FABP5 WT (A) and C120S (B) without or with 

incubation of dhG (10 mM) were purified before the measurement by ITC (n=3). The 

differential power (DP) was measured while LA (1 mM) was added to FABP5 (0.1 mM) in 

Tris-HCl, pH 7.4, over time. (C) The summary of the binding affinity between LA and 

FABP5 constructs without or with modification by dhG or GSSG. (D) The thermodynamic 

parameters of FABP5 binding interactions to LA. Data show the mean ± SD or 

representative of 2-3 independent experiments. The statistical difference was analyzed 

by two-way ANOVA with Tukey’s post-hoc test, where *p < 0.03, **p < 0.002, ***p < 

0.0002, ****p < 0.0001. 
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Figure 5. FABP5 glutathione modification increases its nuclear translocation, 

PPARβ/δ activation, and MCF7 cell migration in response to linoleic acid. Fusogenic 

liposomes alone (FL) or containing FABP5 WT or C127S without or with dhG modification 

were incubated in MCF7 cells for 1 h. (A) Analysis of FABP5 in MCF7 cells after 

incubating fusogenic liposome. Lysates were analyzed by western blots (n=3). (B) FABP5 

nuclear level upon adding LA. MCF7 cells were treated with none or LA for 12 h. MCF7 

cells were lysed, and nuclear extracts were analyzed by western blots (n=2). (C) PPARβ/δ 

activation upon adding LA. After incubating LA for 12 h, the nuclear extracts were 

collected, and the levels of PPARβ/δ bound to the peroxisome proliferator response 

element (PPRE) were measured by absorbance (n=4). (D-E) The in-vitro scratch 

migration assays of MCF7 cells upon incubating LA for 24 h. After incubating fusogenic 

liposomes containing FABP5 WT (D) or C127S (E), MCF7 cells were incubated without 
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or with LA. The images were taken at 0 and 24 h (n=5). Yellow colors indicate the area 

without cells. A scale bar = 0.5 mm. Data show the mean ± SD or representative of 

replicate experiments. The statistical difference was analyzed by one-way (A-B) or two-

way (C-E) ANOVA and Tukey’s post-hoc test, where *p < 0.03, **p < 0.002, ***p < 0.0002, 

****p < 0.0001.  
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