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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-PROQV, that introduces a non-reducible glutathionylation mimic to the protein with the subsequent
delivery of the modified protein to cells to examine the “phenotype” attributed to “glutathionylation”.
We applied our strategy to fatty acid binding protein 5 (FABP5), demonstrating that dhG induces
selective modification at C127 of FABPS5, resembling S-glutathionylation. dhG-modified glutathionylation
in FABP5 increases its binding affinity to linoleic acid, enhances its translocation to the nucleus for
activating PPARB/S, and promotes MCF7 cell migration in response to linoleic acid. Our data report a
facile chemical tool to introduce a glutathionylation mimic to proteins for functional analysis of protein

rsc.li/rsc-chembio glutathionylation.

Introduction

Cysteine in proteins is unique for its high nucleophilicity
and oxidation-susceptibility."> These features allow protein
cysteines to exert distinct biological functions, such as redox
sensing."”® Cysteine oxidations occur in response to diverse
biological, medical, and environmental factors, including growth
factors and cytokines,*® reactive oxygen species (ROS),” nutri-
ents,® ' chemotherapy,'™'* radiation,"® and metals,"*"" sug-
gesting their prevalence and significance in biology and med-
icine. 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.> 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
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processes,'® 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."” The significance of
protein S-glutathionylation has been demonstrated through its
regulatory or contributing roles in physiology and pathology,"”*®
including proliferation, migration,'® inflammation,® fibrosis,>"
the cardiovascular system,”** neurodegeneration,” and cancers,*
among others. It is notable that the development of biochemical
tools and strategies, especially in conjugation with proteomics
and mass spectrometry, has enabled the identification of a large
number of proteins and cysteines (n > 2000) susceptible to
S-glutathionylation."” The cysteine sites identified via proteo-
mics serve as important candidates for uncovering biological
functions upon their glutathionylation.® 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.*>*?
Although effective, this approach concludes that biological func-
tions 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 this limitation, we devised a strategy in this
report, named ‘‘dehydroglutathione (dhG)-induced protein

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.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 a fusogenic liposome for functional phenotype analysis (step 2).

glutathionylation and delivery” (G-PROV) (Fig. 1). The strategy
involves two steps: (1) introducing a non-reducible glutathio-
nylation mimic onto POI using 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 investi-
gated. 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.*® FABP5 is implicated
in metabolic syndrome, neurologic diseases, inflammation,
and cancers.”®*® Previous studies showed that FABP5 is a
redox-active protein, forming intracellular disulfide and S-gluta-
thionylation.>*** Functional analysis demonstrated that FABP5
S-glutathionylation suppresses lipopolysaccharide-induced
inflammation in macrophages.®" 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 B/d (PPARP/S), and increases
migration of MCF7 cells upon incubation of LA. Our report
provides a new facile strategy for the functional study of protein
glutathionylation, while providing evidence linking “FABP5
glutathionylation” to “cancer cell migration.”

Results

dhG generates a glutathione modification on Cys
resembling glutathionylation

dhG contains dehydroalanine (dhA) instead of 1-Cys in glu-
tathione (yGlu-Cys-Gly).>*> The Michael acceptor in dhG can
react with protein cysteine to form a protein-glutathione con-
jugate with a thioether linkage (P-SG) in place of disulfide
(PS-SG) in glutathionylation. While P-SG differs from PS-SG in
that it lacks one sulfur atom and likely loses stereochemistry at
Cys in glutathione, we envisioned it to be a close mimic of
glutathionylation and non-reducible, and it may induce similar
functional effects to glutathionylation.

dhG was synthesized in two steps from glutathione (Fig. S1A,
ESIt).** 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
(Fig. 2A), confirmed by NMR (Fig. S1B, ESIt). 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)
(Fig. 2B). PEP reaction with dhG resulted in a single product

© 2025 The Author(s). Published by the Royal Society of Chemistry

peak in the HPLC chromatogram (Fig. 2B) that corresponds to
the Michael reaction conjugation confirmed by mass spectro-
metry (Fig. S1C, ESIT), 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~ ' s ').** Therefore, we monitored
the reaction kinetics of dhG with fluorescein-conjugated PEP
(FAM-PEP). To 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 (Fig. 2C).*> FAM-PEP
showed time- and dose-dependent dhG conjugation (Fig. S1D,
ESIf) with the second-order rate constant of 53.6 M~ min~*
(Fig. 2D). The kinetic analysis indicates that the half-life (¢;,,)
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 gluta-
thione 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 (Fig. 3A), among
which C120 and C127 are in proximity (4.4 A) and susceptible
to disulfide bond formation,*®*? and C127 is reported to form
S-sulfenylation®® and S-glutathionylation,'””*! suggesting C127
as a redox-active cysteine.

We expressed and purified FABP5 from E. coli, and bound
lipids were removed by delipidation (Fig. S2, ESIt). The dhG
incubation with FABP5 caused dhG concentration-dependent
modification detectable by glutathione antibody (Fig. 3B). dhG
modification in FABP5 was not reduced upon DTT treatment,
whereas the same DTT treatment reduced the level of S-gluta-
thionylation in FABP5 induced by oxidized glutathione (GSSG)
(Fig. S3A, ESIt), confirming the 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 or slightly
reduced levels to WT. In contrast, dhG modification in C127S
was the most significantly reduced compared to WT (Fig. 3C),
suggesting that C127 is the major cysteine for dhG modification.
Next, dhG modification was compared with S-glutathionylation.
FABPS5 constructs incubated with GSSG showed a similar pattern
to dhG, such that FABP5 C127S showed the weakest signal of
S-glutathionylation compared to WT, C120S, and C87S (Fig. 3D).
Interestingly, FABP5 C120S shows higher S-glutathionylation
than WT, which is likely attributed to the fact that WT can form
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Fig. 2 dhG reaction with Cys results in a thioether linkage of glutathione modification. (A) dhG reaction with N-acetylcysteine (NAC), resulting in the
Michael reaction adduct. (B) The reaction of a Cys-containing peptide (PEP) with dhG. PEP (0.1 mM) was incubated without (top) or with dhG (1 mM)
(bottom) in PBS (pH 8) for 1 h, and was analyzed by HPLC-MS (monitoring absorbance at 214 nm). (C) The reaction of fluorescein-conjugated PEP (FAM-
PEP) with dhG in urea-gel electrophoresis (n = 3, biological replicates). FAM-PEP and its conjugation product were monitored by fluorescence. (D) dhG
reaction kinetics with FAM-PEP. The intensities of the FAM-PEP bands at different times in urea-gels were plotted for the rate (top). Reactions were
assumed to follow pseudo-first-order kinetics. Reaction rates were plotted as a function of dhG concentration (bottom) to determine the second-order
rate constant (n = 3, biological replicates). Data show the mean £ SD (D) and are representative of replicate experiments (B) and (C).

an intramolecular disulfide bond between C127 and C120,
reducing the level of S-glutathionylation.

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 (18641 vs. 18368 Da with and without dhG.
Expected mass change: +273.10 Da) (Fig. 3E, left middle),
whereas no significant change was observed with C127S
(18356 vs. 18357 Da with and without dhG) (Fig. 3E, right
middle). In comparison, the incubation of GSSG caused
+305 Da addition to FABP5 WT (18673 vs. 18368 Da with
and without GSSG. Expected mass change: +305.2 Da) (Fig. 3E,
left, bottom) without observing a significant mass change with
FABP5 C127S (18355 vs. 18357 Da with and without GSSG)
(Fig. 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) (Fig. S3B, ESIY).
The subsequent LC-MS/MS analysis confirmed dhG modifica-
tion at C127 (Fig. 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 modifica-
tion occurs on the same cysteines as S-glutathionylation
in FABP5.

158 | RSC Chem. Biol., 2025, 6, 1156-1164

FABP5 dhG modification increases its binding affinity to fatty
acid

FABP5 has a twisted [-barrel structure, composed of two
B-sheets arranged by ten B-strands, and two helices (a1 and
02) acting as a lid on top of the B-barrel (Fig. 3A).>* A fatty acid
binds to the inner space of the B-barrel with U- or L-shape
conformation (Fig. 3A, right),?” by which the helical lid moves
in or out from the B-barrel core, increasing or decreasing o2
helix interaction with a BC-BD loop (i.e., M35 and L60).>” C127
is relatively hidden in the B-barrel core, albeit close to the helix
lid (Fig. 3A). Interestingly, FABP5 C127 S-glutathionylation was
shown to increase its binding affinity to linoleic acid (LA) in a
biochemical pull-down experiment.*' To demonstrate the func-
tional similarity of FABP5 dhG modification to S-glutathio-
nylation, 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 Kp, value of
2.2 + 1.1 pM (Fig. 4A, left, and Fig. 4C). In contrast, after dhG
modification, FABP5 WT displayed ca. 3-fold higher binding
affinity (Kp = 0.74 £ 0.05 puM) (Fig. 4A, right, and Fig. 4C),
consistent with the observation that FABP5 S-glutathionylation
increases its binding with LA.>' However, after GSSG incuba-
tion, FABP5 WT displayed binding affinity (Kp = 2.4 + 1.8 uM)
similar to non-glutathionylated FABP5 WT (Fig. 4C and Fig. S4,
ESIT). This discrepancy was thought to occur because FABP5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 dhG induces glutathione modification on C127 of FABPS5. (A) FABPS5 structure (PDB: 4LKT) with positions of 6 cysteine residues. FABP5 has a
twisted B-barrel structure with two helices (a1 and a2) 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 FABPS5 in PBS, which was analyzed by Coomassie stain (CM) and glutathione antibody (GSH) (n = 2,
biological replicates). (C) dhG-modification on FABP5 WT and cysteine mutants (n = 3, biological replicates). (D) GSSG-mediated S-glutathionylation of
FABP5 WT and cysteine mutants. Purified FABP5 constructs were incubated with GSSG for 1 h (n = 3, biological replicates). (E) MALDI-TOF analysis of
FABP5 WT or C127S incubated with dhG or GSSG. FABP5 constructs were incubated with dhG (10 mM) or GSSG (5 mM) for 1 h (n = 3, biological
replicates). (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 (B)-(D) and are representative of replicate experiments (B)—(F). The statistical difference was
analyzed by one-way (B) and (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.

WT S-glutathionylation at C127 may have caused C120 to dis-
place the glutathione on C127, forming an intramolecular
disulfide during the purification steps. Indeed, FABP5 WT
incubated with GSSG showed a loss of S-glutathionylation
signal over time, supporting the reversibility of C127 S-gluta-
thionylation in vitro during the purification steps (Fig. S3C,
ESIt). To remove the complication resulting from C120/C127
disulfide, we analyzed FABP5 C120S. FABP5 C120S retained
similar binding affinity (Kp = 2.3 £ 2.1 pM) (Fig. 4B, left, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 4C) comparable to FABP5 WT, suggesting that C120S
mutation does not cause a significant change in its binding
to LA. FABP5 C120S increased its binding affinity to LA after
dhG modification (Kp = 0.71 + 0.03 pM) (Fig. 4B, right, and
Fig. 4C) or GSSG incubation (Kp = 0.66 + 0.05 pM) (Fig. 4C and
Fig. S4, ESIt). The increased binding energy (AG = —8.4 vs.
—7.7) of FABP5 WT with LA upon dhG modification is driven by
more favorable enthalpy (AH = —4.0 vs. —1.0) and less unfavor-
able entropy (AS = —4.3 vs. —6.6) (Fig. 4D, bars 1 vs. 2). FABP5

RSC Chem. Biol., 2025, 6, 1156-1164 | 1159
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Fig. 4 dhG-modification of FABP5 increases the binding affinity with linoleic acid. (A) and (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, biological replicates). 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 (C) and (D) and are representative of replicate
experiments (A) and (B). The statistical difference was analyzed by two-way ANOVA with Tukey's post-hoc test (D), where *p < 0.03, **p < 0.002,

***p < 0.0002, ****p < 0.0001.

C120S showed essentially the same thermodynamic changes
as WT upon dhG modification (Fig. 4D, bars 4 vs. 5). In
addition, GSSG-induced S-glutathionylation caused the same
thermodynamic changes as dhG modification in FABP5 C120S
(Fig. 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 a comparable functional effect to FABP5 S-gluta-
thionylation.

FABP5 glutathione modification increases its nuclear level and
PPARP/d activation

The second step of our G-PROV strategy is to deliver the dhG-
modified POI to cells (Fig. 1). To do so, we used a fusogenic
liposome, which has been demonstrated to deliver cargo pro-
tein to the cytoplasm via fusion with the plasma membrane, as
opposed to the lysosome or endosome via endocytosis.*® First,
we analyzed the delivery of FABP5 to MCF7 cells, which have a
low level of endogenous FABP5.>° The fusogenic liposome
containing FLAG-FABP5 was incubated with MCF7 cells (1 h).
The immunostaining of FLAG-FABP5 was found to be largely
distributed in the cytoplasm without localizing to the nucleus,
while the FLAG-signal was minimally overlapped with the
endosome marker Rab9A (Fig. S5, ESIt),*° supporting that

160 | RSC Chem. Biol., 2025, 6, 1156-1164

FABP5 was delivered mostly to the cytoplasm, but with a low
level at the endosome/lysosome.

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 (Fig. 5A, FLAG). In contrast, glutathione
modification is mainly found in cells with FABP5 WT incubated
with dhG (FABP5 WT-SG), along with a low level in FABP5
C127S incubated with dhG (FABP5 C127S-SG) (Fig. 5A, lanes 2
vs. 1, 3, 4). Notably, one distinct protein band, corresponding to
FABP5 molecular weight, shows a strong signal for glutathione
modification (Fig. 54, lane 2), suggesting that mainly a single
protein, FABP5, retains a significant level of glutathione mod-
ification in the whole proteome.

FABP5 upon binding to LA generates its non-canonical
nuclear localization signal.’” FABP5 was previously shown to
increase its translocation to the nucleus in response to H,0,,*!
implying that FABP5 S-glutathionylation increases its binding
to LA and enhances its nuclear localization. The translocated
FABP5 interacts with PPARP/S for transcriptional activation.*!
Therefore, the nuclear translocation of FABP5 constructs in
response to LA was examined. Without adding LA, FABP5 WT
was largely seen in the cytoplasm with a low level in the nucleus

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FABP5 glutathione modification increases its nuclear translocation, PPARB/ 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 (i.e., WT, C127S, WT-SG, or C127S-SG) were
incubated in MCF7 cells for 1 h. (A) Analysis of FABP5 in MCF7 cells after incubating fusogenic liposomes. Lysates were analyzed by western blots (n = 3,
biological replicates). (B) Localization of FLAG-FABP5 upon adding linoleic acid (LA). After incubation of LA for 1 h, FABP5 localization (FLAG, green) was
analyzed by immunostaining along with DAPI (blue) (n = 10 images out of 2 biological replicates). A scale bar = 10 um. (C) 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, biological
replicates). (D) PPARB/S activation upon adding LA. After incubating LA for 12 h, the nuclear extracts were collected, and the levels of PPARB/$ bound to
the peroxisome proliferator response element (PPRE) were measured by absorbance (n = 4, biological replicates). (D) The in vitro scratch migration
assays of MCF7 cells upon incubating LA for 24 h. After incubating fusogenic liposomes containing FABP5 WT, MCF7 cells were incubated without or with
LA. The images were taken at 0 and 24 h (n = 5 images out of 3 biological replicates). Yellow colors indicate the area without cells. A scale bar = 0.5 mm.
Data show the mean + SD (A)—(E) and are representative of replicate experiments (A)—(C) and (E). The statistical difference was analyzed by one-way (A)
and (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.

(Fig. 5B, column 1, and Fig. S6A (ESIY); the percentage of FABP5
in the nucleus over the cytoplasm, P, = 15.6 £ 5.9%, n = 10).
The incubation of LA slightly increased the level of FABP5 WT
in the nucleus but without statistical significance (Fig. 5B,
column 3, and Fig. S6C (ESIt); P, = 26.1 + 9.7%, n = 10).
Similarly, FABP5-SG was also found at a low level in the nucleus
without LA (Fig. 5B, column 2, and Fig. S6B (ESIt); P, = 13.9 £
5.2%, n = 10). However, FABP5-SG was significantly found in the
nucleus upon adding LA (Fig. 5B, column 4, and Fig. S6D (ESIt);

© 2025 The Author(s). Published by the Royal Society of Chemistry

Py = 55.3 + 17.7%, n = 10), displaying increased translocation of
FABP5-SG over FABP5 in response to LA. In addition, 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 (Fig. 5C, lane 3 vs. 2). However,
FABP5 WT-SG was more significantly found in the nuclear extract
than FABP5 WT upon adding LA (Fig. 5C, lane 6 vs. 5), suggesting
the enhanced translocation of FABP5 upon dhG modification.
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Lastly, the PPARPB/S transcriptional activation was examined. The
PPARP/d activation assay showed that FABP5 WT and FABP5
WT-SG activate PPARP/S at comparable levels without adding LA
(Fig. 5D, bars 3 vs. 2). However, in the presence of LA, FABP5 WT-
SG induced higher PPARB/S activation than FABP5 WT (Fig. 5D,
bars 6 vs. 5). These experiments support that dhG-modified FABP5
glutathionylation increases nuclear translocation and PPARP/3
activation.

FABP5 glutathione modification increases cell migration

The PPARP/S activation induces higher migration, invasion,
and metastasis of cancer cells.>***** 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
(Fig. 5E, bars 3 vs. 2). However, upon incubating LA, FABP5
WT-SG induced higher cell migration than FABP5 WT (Fig. 5E,
bars 6 vs. 5). To see the importance of C127 for glutathione
modification, we analyzed FABP5 C127S without and with glu-
tathione modification by dhG. Unlike FABP5 WT, FABP5 C127S
and FABP5 C127S-SG induced similar levels of MCF7 cell migra-
tion in the presence and absence of LA (Fig. S7, lanes 2 vs. 3, and
5 vs. 6, ESIt), supporting that FABP5 C127 glutathione modifica-
tion is responsible for the observed increase in cell migration.

Discussion

S-Glutathionylation is emerging as an important redox-
regulatory event in pathophysiologic processes.'” Although a
large number of S-glutathionylated proteins were identified
via proteomics, the functional annotation of the identified
S-glutathionylated cysteines remains limited.'” In this report,
we developed a strategy named G-PROV that installs gluta-
thione modification on a protein of interest (POI) with its
subsequent delivery to cells, where the functional effects of
“glutathione” modification in the POI can be probed. It is
worth stating that the proteome in cells largely stays in a
reduced state under basal (non-stressed) conditions. Therefore,
the cellular delivery of the POI modified by dhG via the
fusogenic liposome rendered cells where only the 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.***>
Subsequently, dhA in a protein could be further derivatized
to diverse post-translational modifications (PTMs), including
glutathionylation.** Therefore, the “Tag-and-Modify’-mediated
non-reducible glutathione modification in proteins is feasible,**
but the approach typically accompanies mutations of cysteines
other than cysteines of interest. In addition, the two-step process
may involve additional purification steps. As an alternative, the
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G-PROV strategy demonstrates a simple one-step procedure for
glutathione modification in proteins, 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 the protein generates glutathione modification with a
loss of stereochemistry in Cys of glutathione and one atom
shorter than S-glutathionylation. In addition, as opposed to
the dynamic and reversible nature of S-glutathionylation, the
dhG-mediated glutathionylation is irreversible. Therefore,
although we demonstrate that dhG-modification in FABP5
induces similar functional changes to S-glutathionylation, it is
possible that dhG-mediated glutathionylation does not recapitu-
late biological phenotypes resulting from reversible changes of
glutathionylation or cause biochemical changes deviating from
physiological S-glutathionylation. Moreover, dhG reacts with any
cysteines, where the selectivity is governed by their nucleophili-
city and accessible surface area (ASA). Therefore, dhG could react
with multiple cysteines in a POI, limiting site-specific functional
analysis. In this case, it will be important to include mutant
controls, such as C127S in FABP5, for functional analysis. Lastly,
the G-PROV approach may pose a risk of delivering impurity
proteins as well as the POI to cells, which can affect the
biological phenotype. Thus, additional control experiments will
be necessary to validate the observed phenotype.

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,> and C67-C87 are
in proximity without forming a disulfide.*” In addition to the
intramolecular disulfide, C127 was found for S-sulfenylation*®
and S-glutathionylation,*! suggesting its tendency to form multi-
ple oxoforms with high nucleophilicity and oxidation suscepti-
bility. 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
in the binding affinity (more negative AG) is attributed to the
enthalpy increase (more negative AH) in addition to the more
favorable entropy (more positive AS), 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 from other oxoforms.
However, it remains to be seen whether other oxoforms of C127
can increase the FABP5 binding affinity to LA. Lastly, we
demonstrate that FABP5 glutathione modification increases
MCF?7 cell migration via activating PPARf/S. Because FABPS5 is
involved in activating many transcription factors and oncogenes
(e.g., NF-kB),*® it would be necessary to see whether FABP5
glutathionylation regulates other signaling pathways.

Author contributions

Daniel Oppong: formal analysis, investigation, visualization,
writing - original draft, writing - review & editing. Rayavarapu

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00052a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 May 2025. Downloaded on 11/7/2025 2:50:50 AM.

(cc)

Paper

Padmavathi: formal analysis, investigation, visualization,
writing - original draft, writing - review & editing. Dhanushika
Kukulage: conceptualization, formal analysis, investigation,
writing - review & editing. Madhu Shivamadhu: investigation,
visualization, writing - review & editing. Elizabeth Newberry:
formal analysis, writing - review & editing. Anneliese Faustino:
formal analysis, investigation, visualization, writing — review &
editing. Hsin-Yao Tang: supervision, writing - review & editing.
Young-Hoon Ahn: conceptualization, formal analysis, super-
vision, visualization, writing — original draft, writing - review &

editing, funding acquisition.

Data availability

The data supporting this article have been included as part of
the ESL{ The mass spectrometry data have been deposited to
the ProteomeXchange Consortium (https://proteomecentral.
proteomexchange.org) via the PRIDE [1] partner repository with
the dataset identifier PXD061319.

Conflicts of interest

The authors declare that they have no conflicts of interest with
the contents of this article.

Acknowledgements

This work was supported by the National Institutes of Health
(NIH) grant, R0O1 GM143214 (Y.-H. A.), and Drexel University.
We would like to thank all the Ahn group members for assisting
in the experiments. We thank Dr Martin Kaczocha (Stony Brook
University) for sharing FABP5 plasmids.

References

1 N.]J. Pace and E. Weerapana, ACS Chem. Biol., 2013, 8, 283-296.

2 D. E. Fomenko, S. M. Marino and V. N. Gladyshev, Mol
Cells, 2008, 26, 228-235.

3 C. E. Paulsen and K. S. Carroll, Chem. Rev., 2013, 113,
4633-4679.

4 D. S. K. Kukulage, K. T. G. Samarasinghe, N. N. J. Matarage
Don, M. C. Shivamadhu, K. Shishikura, W. Schiff, F.
Mashhadi Ramezani, R. Padmavathi, M. L. Matthews and
Y. H. Ahn, J. Biol. Chem., 2024, 300, 107784.

5 T. H. Truong and K. S. Carroll, Biochemistry, 2012, 51,
9954-9965.

6 J. B. Behring, S. van der Post, A. D. Mooradian, M. J. Egan,
M. I. Zimmerman, J. L. Clements, G. R. Bowman and
J. M. Held, Sci. Signal, 2020, 13, eaay7315.

7 H. Miki and Y. Funato, J. Biochem., 2012, 151, 255-261.

8 M. Yapa Abeywardana, K. T. G. Samarasinghe, D. Munkanatta
Godage and Y. H. Ahn, J. Proteome Res., 2021, 20, 4529-4542.

9 K. T. G. Samarasinghe, D. N. P. M. Godage, Y. N. Zhou,
F. T. Ndombera, E. Weerapana and Y. H. Ahn, Mol. BioSyst.,
2016, 12, 2471-2480.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

10 S. Ullevig, Q. W. Zhao, C. F. Lee, H. S. Kim, D. Zamora and
R. Asmis, Arterioscler., Thromb., Vasc. Biol., 2012, 32, 415-426.

11 K. D. Tew and D. M. Townsend, Curr. Opin. Chem. Biol.,
2011, 15, 156-161.

12 J. D. Uys, Y. Manevich, L. C. DeVane, L. He, T. E. Garret,
C. J. Pazoles, K. D. Tew and D. M. Townsend, Biomed.
Pharmacother., 2010, 64, 493-498.

13 D. L. Dewey and J. Beecher, Nature, 1965, 206, 1369-1370.

14 J. E. Taylor, J. F. Yan and J. L. Wang, J. Am. Chem. Soc., 1966,
88, 1663-1667.

15 D. Ortiz de Orue Lucana, M. Roscher, A. Honigmann and
I. Schwarz, J. Biol. Chem., 2010, 285, 28086-28096.

16 N. S. Gould, P. Evans, P. Martinez-Acedo, S. M. Marino,
V. N. Gladyshev, K. S. Carroll and H. Ischiropoulos, Chem.
Biol., 2015, 22, 965-975.

17 D. S. K. Kukulage, N. N. J. Matarage Don and Y. H. Ahn,
Curr. Opin. Chem. Biol., 2022, 71, 102221.

18 D. Oppong, W. Schiff, M. C. Shivamadhu and Y. H. Ahn,
Curr. Opin. Chem. Biol., 2023, 75, 102326.

19 C.F. Lee, S. Ullevig, H. S. Kim and R. Asmis, PLoS One, 2013,
8, €66964.

20 L. Mullen, M. Mengozzi, E. M. Hanchmann, B. Alberts and
P. Gjezzo, Free Radical Biol. Med., 2020, 157, 3-14.

21 S. B. Chia, J. D. Nolin, R. Aboushousha, C. Erikson,
C. G. Irvin, M. E. Poynter, J. van der Velden, D. ]J. Taatjes,
A. van der Vliet, V. Anathy and Y. M. W. Janssen-Heininger,
Redox Biol., 2020, 37, 101720.

22 J. Alegre-Cebollada, P. Kosuri, D. Giganti, E. Eckels,
J. A. Rivas-Pardo, N. Hamdani, C. M. Warren, R. J. Solaro,
W. A. Linke and J. M. Fernandez, Cell, 2014, 156, 1235-1246.

23 T. Adachi, R. M. Weisbrod, D. R. Pimentel, J. Ying, V. S.
Sharov, C. Schoneich and R. A. Cohen, Nat. Med., 2004, 10,
1200-1207.

24 S.]. Cha, H. Kim, H. J. Choi, S. Lee and K. Kim, Oxid. Med.
Cell. Longevity, 2017, 2017, 2818565.

25 J. D. Hayes, A. T. Dinkova-Kostova and K. D. Tew, Cancer
Cell, 2020, 38, 167-197.

26 D. S. K. Kukulage, M. Yapa Abeywardana, N. N. J. Matarage
Don, R. M. Hu, K. Shishikura, M. L. Matthews and Y. H.
Ahn, Cell Chem. Biol., 2023, 30(1542-1556), e1549.

27 D. N. P. Munkanatta Godage, G. C. VanHecke, K. T. G.
Samarasinghe, H. Z. Feng, M. Hiske, J. Holcomb, Z. Yang,
J. P. Jin, C. S. Chung and Y. H. Ahn, Nat. Commun., 2018, 9,
4341.

28 B.Xu, L. Chen, Y. Zhan, K. N. S. Marquez, L. Zhuo, S. Qj, J. Zhu,
Y. He, X. Chen, H. Zhang, Y. Shen, G. Chen, J. Gu, Y. Guo, S. Liu
and T. Xie, Front. Cell Dev. Biol., 2022, 10, 857919.

29 W. George Warren, M. Osborn, A. Yates, K. Wright and
S. E. O’Sullivan, Drug Discovery Today, 2023, 28, 103628.

30 S. Odani, Y. Namba, A. Ishii, T. Ono and H. Fujii, J. Biochem.,
2000, 128, 355-361.

31 Y. Guo, Y. Liu, S. Zhao, W. Xu, Y. Li, P. Zhao, D. Wang,
H. Cheng, Y. Ke and X. Zhang, Nat. Commun., 2021, 12,
7094.

32 C. Hohoff, T. Borchers, B. Rustow, F. Spener and H. van
Tilbeurgh, Biochemistry, 1999, 38, 12229-12239.

RSC Chem. Biol., 2025, 6, 1156-1164 | 1163


https://proteomecentral.proteomexchange.org
https://proteomecentral.proteomexchange.org
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00052a

Open Access Article. Published on 21 May 2025. Downloaded on 11/7/2025 2:50:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

33 R. S. Asquith and P. Carthew, Biochim. Biophys. Acta, 1972,
285, 346-351.

34 M. Sauerland, R. Mertes, C. Morozzi, A. L. Eggler, L. F. Gamon
and M. J. Davies, Free Radical Biol. Med., 2021, 169, 1-11.

35 C. J. Buehl, X. Deng, M. Liu, M. J. McAndrew, S. Hovde,
X. Xu and M. H. Kuo, Biotechniques, 2014, 57, 72-80.

36 J. Yang, V. Gupta, K. S. Carroll and D. C. Liebler, Nat.
Commun., 2014, 5, 4776.

37 E. H. Armstrong, D. Goswami, P. R. Griffin, N. Noy and
E. A. Ortlund, J. Biol. Chem., 2014, 289, 14941-14954.

38 S. Kube, N. Hersch, E. Naumovska, T. Gensch, J. Hendriks,
A. Franzen, L. Landvogt, J. P. Siebrasse, U. Kubitscheck,
B. Hoffmann, R. Merkel and A. Csiszar, Langmuir, 2017, 33,
1051-1059.

39 L. Levi, Z. Wang, M. K. Doud, S. L. Hazen and N. Noy, Nat.
Commun., 2015, 6, 8794.

1164 | RSC Chem. Biol., 2025, 6, 1156-1164

View Article Online

Paper

40 I. G. Ganley, K. Carroll, L. Bittova and S. Pfeffer, Mol. Biol.
Cell, 2004, 15, 5420-5430.

41 N. S. Tan, N. S. Shaw, N. Vinckenbosch, P. Liu, R. Yasmin,
B. Desvergne, W. Wahli and N. Noy, Mol. Cell. Biol., 2002,
22, 5114-5127.

42 R. L. Stephen, M. C. Gustafsson, M. Jarvis, R. Tatoud, B. R.
Marshall, D. Knight, E. Ehrenborg, A. L. Harris, C. R. Wolf and
C. N. Palmer, Cancer Res., 2004, 64, 3162-3170.

43 E. Morgan, P. Kannan-Thulasiraman and N. Noy, PPAR Res.,
2010, 2010, 234629.

44 J. M. Chalker, G. ]J. Bernardes and B. G. Davis, Acc. Chem.
Res., 2011, 44, 730-741.

45 G. ]J. Bernardes, J. M. Chalker, J. C. Errey and B. G. Davis,
J. Am. Chem. Soc., 2008, 130, 5052-5053.

46 J. Yang, V. Gupta, K. S. Carroll and D. C. Liebler, Nat.
Commun., 2014, 5, 4776.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00052a



