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Chemical proteomics reveals human liver fatty acid
binding protein as a predominant and selective
target of triphenyl phosphate
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Triphenyl phosphate (TPHP) is a commonly used flame retardant and plasticizer with well-documented
toxicity at environmentally relevant concentrations. We tested the hypothesis of covalent protein binding
as a mechanism of TPHP toxicity by using chemical proteomics to identify adducted targets from human
and rat hepatic proteomes. Results via in-gel fluorescent imaging showed that the TPHP-probe
covalently bound many proteins with substantial interspecies variation. Using shotgun proteomics, we
confirmed liver carboxylesterases as major targets in rat liver but identified liver fatty acid binding protein
(L-FABP) as a novel and predominant target in human liver cells. The binding of TPHP to L-FABP was
also confirmed by using recombinant L-FABP protein. We confirmed that TPHP binding to L-FABP is
structurally selective, demonstrating that aryl side chains and the phosphate ester center are both
essential for binding. Thus, we conclude that L-FABP is a predominant and selective target of TPHP in
human hepatic proteome and that covalent protein adduction is an understudied toxicity mechanism for
TPHP, presenting concerns regarding its widespread usage.

Triphenyl phosphate (TPHP) is a commonly used flame retardant and plasticizer but its toxicity mechanism remains unclear. While noncovalent binding to
nuclear receptors has been suggested as a potential toxic model of action, their relatively low binding affinity (generally, Ky, > 10 uM) cannot fully explain the

toxicity of TPHP at environmentally relevant concentrations. We herein employed chemical proteomics and discovered covalent protein adduction as a previ-
ously ignored toxicity pathway for aryl organophosphate flame retardants. Moreover, liver fatty acid binding protein was identified and validated as the

predominant hepatic protein target for TPHP in both rat and human.

1. Introduction

Organophosphate esters (OPEs) are commonly used as plasti-
cizers and flame retardants, with global use increasing signifi-
cantly in recent years as they replaced brominated flame
retardants." However, OPEs may be a regrettable substitution
due to their numerous suspected health effects,” including
endocrine-disrupting activity,®> developmental toxicity*® and
neurotoxicity.® OPEs can be broadly classified into three cate-
gories based on differences in structure, namely via R-groups:
alkyl, aryl, and halogenated, each with overlapping but
distinct toxicological profiles.” Triphenyl phosphate (TPHP) is
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an aryl phosphate and one of the most commonly used flame
retardants in many polymers, partially due to its dual-use as
a plasticizer.® TPHP has been widely detected in indoor dust,’
surface water,'® drinking water,"* outdoor air,"” wildlife tissues*
and human blood,* making the study of its potential toxicity
increasingly relevant. TPHP is most prevalent in the indoor
environment, with the Canadian House Dust Study detecting it
in 99.4% of samples (n = 818), with a max. of 91 000 ng g~ *.**
Various adverse health effects have been associated with TPHP
exposures, even at environmentally relevant -concentra-
tions,”'®'” but its toxicity mechanisms remain unclear.™®
While previous molecular toxicology research on OPEs has
largely focused on noncovalent binding to nuclear receptors,
their relatively low binding affinity (e.g., Kp ~ 579 uM between
TPHP and PPARY)" cannot fully explain their toxicity at envi-
ronmentally relevant concentrations. Structurally similar
organophosphorus pesticides are known to cause toxicity
through covalent adduction to acetylcholinesterase,* as well as
many other serine hydrolases* and carboxylesterases.** Cova-
lent binding to proteins is of particular concern, as irreversible
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protein adducts can be continuously accumulated® through
long-term and low-dose exposure to chemical contaminants.
While it was expected that this toxicity mechanism would not
extend to organophosphate ester flame retardants due to the
decreased capacity of their esters to act as leaving groups,
a previous study determined that TPHP can bind to and inhibit
carboxylesterase (CES) proteins in mice, with a potentially
covalent mechanism.* Following studies further confirmed the
inhibition of human CES proteins by a broad spectrum of
OPEs.'”?** While these pilot studies highlighted covalent
protein binding as a potential toxicity mechanism for OPEs, it
remains unknown whether other human proteins beyond CES
proteins might be attacked via a similar covalent mechanism.

In this study, we employed a TPHP-alkyne probe and an
activity-based protein profiling (ABPP) approach to systemati-
cally investigate the hepatic proteome reactivity of TPHP in
human (represented by HepG2 hepatic cell line) and rat (Rattus
norvegicus). We discovered widespread protein adduction by
TPHP with significant interspecies differences, and identified
liver fatty acid binding protein (L-FABP) as a novel and specific
target of TPHP. Taken together, our results suggest covalent
protein binding as an understudied mechanism of toxicity for
OPEs, particularly aryl-OPEs, and that it may increase usage
concern for certain OPEs.

2. Materials and methods
2.1 Synthesis of alkyne triphenyl phosphate probe

The synthesis of the TPHP-probe was conducted under N,
atmosphere. Diphenyl phosphoryl chloride (3.8 mmol, CAS:
2524-64-3) was added to 10 mL of toluene in a conical flask, after
which 3.8 mmol of 3-hydroxyphenylacetylene (CAS: 10401-11-3)
and 1.5 mL of diisopropylethylamine were added. The reaction
was stirred at room temperature for 16 hours, then quenched by
addition of 35 mL of aqueous sodium bicarbonate. Organics in
the reaction solution were extracted with ethyl acetate (EtAc),
dehydrated with Na,SO,, and dried under N, blow-down at 40 °
C. The crude product was then collected and purified, with
identity and purity assessed using both "H-NMR and LC-MS/MS
(details in SI and Fig. S1).

2.2 CES1 activity assay

The hydrolase activity of CES1 was determined as described
previously using a p-nitrophenyl acetate (PNPA) as substrate.>
The stock CES1 lysate was aliquoted to a 96-well plate and
diluted to 10 pg mL ™" with 100 uL phosphate buffer (137 mM
sodium chloride, 10 mM phosphate buffer, 2.7 mM potassium
chloride, pH 7.4). The maximal final concentration was 5 uM for
TPHP or TPHP-probe with a 4-fold serial dilution to obtain the
lower inhibitor concentrations. Triplicates samples were con-
ducted for each concentration of substrate. Then the reaction
was initiated by the addition of 100 uM PNPA after a 2-minute
preincubation at 37 °C. After 10 min, the formed p-nitrophenol
(PNP) was measured by absorbance at 410 nm using a plate
reader.
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2.3 Activity-based protein profiling (ABPP) on cell lysates

We first employed in-gel fluorescence-based ABPP to directly
visualize the potential proteins adducted by TPHP-probe. To
achieve this, the TPHP-probe was first incubated with protein
lysates, then labeled proteins were further subjected to click
chemistry to be linked to a fluorescent chromophore (Fig. 2A).
The fluorescent labeled proteins were further visualized by
using SDS-PAGE and in-gel fluorescence imaging. As extensive
washing and SDS-PAGE conditions were used in the approach,
nonspecific or noncovalent binding was minimized while
covalently labeled proteins were maintained for visualization.

In brief, crude protein extracts (extraction procedure in SI)
from HepG2 or rat liver tissue lysate were aliquoted into PBS at
35 pg protein per replicate for negative controls (with or without
click cocktail), and 3 x 35 pg protein per experimental stock
tube. Then, TPHP-probe was added to experimental stock tubes
for a final concentration of 100 uM, and all tubes were shaken at
room temperature for 1 h. After this, a fluorophore-azide “click
cocktail” was added to both experimental and negative control
tubes for a final concentration of 1 mM CuSO,, 1 mM TCEP,
0.1 mM THPTA, and 0.1 mM Alexa Fluor™ 488 Azide, and tubes
were shaken at RT for 1 h. Reactions were then quenched with
five volumes of ice-cold acetone overnight, then centrifuged (14
000 rcf, 4 °C, 10 min) to pellet proteins. Pellets were further
rinsed twice with ice cold acetone before being allowed to air
dry. SDS-PAGE and fluorescent imaging methods can be found
in the Materials and methods section of the SI. All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of the University of
Toronto and approved by the Animal Ethics Committee of the
University of Toronto.

2.4 Biotin affinity pulldown and peptide purification

To identify bound proteins, we utilized biotin-affinity based
protein purification, where proteins were first reacted with the
TPHP-probe, then incubated with biotin-azide on a streptavidin
bead scaffold before washing and trypsin digestion. The
resulting tryptic peptides were run through nanoLC-MS/MS for
identification (Fig. 3A). To identify TPHP-adducted proteins
with confidence, we included a negative protein lysate control
treated and analyzed by the same methods without TPHP-probe
incubation.

Experimental tubes and negative control tubes were
prepared in triplicate, as well as one crude protein extract tube
(all 150 pg protein in PBS). 100 pM TPHP-probe was added to
experimental tubes, and all tubes were shaken at RT for 1 h.
After this, a biotin-azide “click cocktail” was added to both
experimental and negative control tubes for a final concentra-
tion of 1 mM CuSO,, 1 mM TCEP, 0.1 mM THPTA, and 0.1 mM
biotin azide, and tubes were shaken at RT for 1 h. Reactions
were then quenched with five volumes of ice-cold acetone
overnight, then centrifuged (14 000 rcf, 4 °C, 10 min) to pellet
denatured proteins. Pellets were further rinsed twice with ice
cold acetone to remove nonspecific binding before being
allowed to air dry. At this point, the crude extract tube was
reconstituted in 100 pL 50 uM ammonium bicarbonate buffer

This journal is © The Royal Society of Chemistry 2025
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and set aside at 4 °C. All other protein pellets were reconstituted
in 50 pL 1% SDS in PBS, heated 10 minutes at 95 °C, then spun
down (1000 rcf, 3 min). This heat-spin cycle was repeated until
the pellet was fully redissolved, with a higher intensity for the
final centrifugation (12 000 rcf, 10 min). The supernatant was
then removed and added to sample tubes containing 430 pL
PBS and 60 pL pre-washed streptavidin resin. Tubes were laid
horizontally in a heated shaker and gently mixed for 90 min
(200 rcf, 37 °C) before samples were pelleted and washed (twice
with 500 pL 0.1% SDS in PBS, twice with 500 pL PBS, five
minutes each with gentle shaking). The final pellet was recon-
stituted in 100 pL 50 pM ammonium bicarbonate, then (with
crude extract tube reintroduced), an overnight on-bead trypsin
digestion (200 rcf, 37 °C) was performed prior to sample anal-
ysis via nano-LC separation and detection on a Q-Exactive HF-X
Orbitrap mass spectrometer (details in SI).

2.5 Proteomics data analysis

Raw proteomics data files were analyzed using MaxQuant
version 1.6.0.16, and extracted MS/MS spectra were matched
using the Andromeda search engine against tryptic peptides
(min. peptide length of 7 and max. of two missed cleavages)
derived from the human reference proteome (Uniprot, accessed
2018/09) or the brown rat reference proteome (Uniprot,
accessed 2017/03) and a list of common contaminants. Unless
noted otherwise, parameters were kept at default settings with
a false discovery rate of 1% at the peptide and protein levels.
“Re-quantify” and “match between runs” were selected to
maximize true protein discovery. Downstream data analysis was
conducted in Microsoft Excel version 2312. In both rat and
human experiments, any proteins or peptides identified mainly
as potential contaminants, reverse, or only identified by site
were discarded prior to further analysis.

For biotin-affinity experiments, TPHP-probe adducted
proteins were identified based on relative intensity of peptides
present in experimental samples versus control samples. The
‘proteinGroups.txt’ output from MaxQuant was imported into
Excel and after initial filtering, samples were grouped based on
exposure and technical replicates. For each protein group, the
relative intensity was determined based on total sample inten-
sity for that replicate (with ‘0’ values replaced with ‘10 000).
Fold-change and p-value were then calculated between the
experimental and negative control replicates, with p-value
calculated using a paired, two-tailed Student's t-test. We
considered protein groups with an intensity fold-change = 5
times that of the negative control and a p-value = 0.05 to be
significantly adducted by the TPHP-probe. At this point, we
excluded protein identifications based only on detection of
a single peptide.

The proteomics datasets generated and analyzed during this
study have been deposited to the ProteomeXchange Consor-
tium under the identifier PXD057684.

2.6 ABPP competition assay with pure hL-FABP

To confirm binding of native TPHP to purified recombinant hL-
FABP (expression and purification procedure found in SI), an in-

This journal is © The Royal Society of Chemistry 2025
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gel competition assay was prepared with varied concentrations
of TPHP against a constant concentration of hL-FABP and
TPHP-probe. Tubes were prepared in duplicate with 7.5 uM hL-
FABP, plus 30, 60, or 120 uM TPHP, and 30 uM TPHP-probe.
Additional duplicates with only 7.5 uM hL-FABP and 30 uM
TPHP or TPHP-probe were included, as well as a negative
control containing only 7.5 uM hL-FABP. To start the reaction,
either TPHP or DMSO was added to each hL-FABP tube, which
were then shaken for 1 hour at RT. This process was repeated
with the additions of the TPHP-probe (added to specified tubes),
then Azide-Fluor 488 click cocktail (added to all tubes). Reac-
tions were then quenched with five volumes of ice-cold acetone
overnight at —20 °C, then centrifuged (14 000 rcf, 4 °C, 10 min)
to pellet proteins. Pellets were further rinsed twice with ice cold
acetone before being allowed to air dry, then proteins were
visualized via SDS-PAGE and fluorescence imaging.

2.7 ANS assay

The relative binding affinities of OPEs to human liver FABP and
human epithelial FABP were determined using a fluorescent
displacement assay with 1,8-ANS. A serial dilution of OPEs (11
concentrations, 0.15-153.6 uM) were prepared in triplicate in ANS
buffer (50 mM Tris, 150 mM NaCl, 1 mM DTT, pH 8) with 40 uM
ANS (negative control) or in ANS buffer with 40 uM ANS and 1 uM
hL-FABP or hE-FABP in a Nunc white chimney 96-well plate.
DMSO was added in triplicate as a 0 uM OPE vehicle control. The
plate was then shaken at 125 rcf for 1 h at room temp prior to
fluorescent imaging (details in SI). Data analysis was performed in
GraphPad Prism 10.1.2, using a nonlinear [inhibitor] vs. response
model with four variables. All 50% 1,8-ANS displacement values
were calculated via eqn (S1) with values from Table S1.

3. Results and discussion
3.1 Synthesis and validation of an alkyne TPHP-probe

To test the hypothesis of covalent protein adduction as
a mechanism of OPE toxicity (Fig. 1A), we synthesized a TPHP-
probe with an alkyne handle (Fig. 1B) to profile its proteome
binding by using an activity-based protein profiling (ABPP)
approach. Alkyne groups are the most commonly used chemical
handle for ABPP as their small size and biorthogonal nature
minimizes off-target binding and maintains bioactivity,” as
well as their ease of use with click-chemistry. To confirm that
the bioactivity of TPHP-probe was conserved relative to native
TPHP, we used a CES1 enzymatic assay for validation, as CES1 is
a well-established target for TPHP.?****® The CES1 inhibition
activity of TPHP-probe (ICs, = 1.14 nM) is comparable to that of
native TPHP (IC5, = 4.67 nM) (Fig. 1C). This demonstrated that
the addition of a small alkyne group to TPHP does not impact
its binding to CES1, supporting the use of our TPHP-probe as
a chemically analogous TPHP substitute for ABPP.

3.2 The TPHP-probe adducted the hepatic proteome in both
human and rat

Due to the well-documented role of the liver in mediating OPE
toxicity,” we chose to investigate interspecies TPHP binding

Environ. Sci.. Processes Impacts, 2025, 27, 2865-2874 | 2867
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CES inhibition activities (N = 3).

differences within the hepatic proteome. Compared to traditional
in vivo toxicity testing relying on animal models, chemical pro-
teomics approaches provide a convenient way to characterize
bioactivity mechanisms by using cell lines or tissue samples.** To
take advantage of this aspect of ABPP, we investigated the
protein-binding profiles of the TPHP-probe in both humans and
rats for comparison, by directly visualizing their liver tissue (rat)
or cell line crude protein lysates (human) in complex with our
TPHP-probe and fluorophore (see workflow in Fig. 2A).

During the initial test with rat liver tissue lysate, we found that
the TPHP-probe bound to many proteins in comparison to the
negative control (containing only azide-fluorophore in the
absence of TPHP-probe; Fig. 2B). To test whether TPHP protein
labeling was selective, we stained the gel with Coomassie blue dye
to visualize protein abundance post fluorescence imaging.
Notably, we did not observe a direct correlation between fluores-
cence intensity and Coomassie staining, indicating that protein
binding was specific and varied in affinity between proteins,
instead of nonspecific binding (which would vary proportionally
with protein abundance). For instance, the ~60 kDa rat protein
band had a much higher fluorescent intensity than all others in
the gel after TPHP-probe labeling, but it had a lower relative
intensity in the Coomassie stained gel. Thus, while this band was

2868 | Environ. Sci.: Processes Impacts, 2025, 27, 2865-2874

not present at extremely high abundance compared to other
proteins, it had a very high TPHP-binding affinity. We hypothesize
that the band at ~60 kDa corresponds to the well-documented
TPHP targets CES1 and CES2 proteins, both with molecular
weights of ~63 kDa. Collectively, these results demonstrated that
the ABPP approach can be directly used to visualize the proteome
binding profile of TPHP in liver tissue lysates.

Next, we tested ABPP in human HepG2 cells. As in the rat
hepatic proteome, the TPHP-probe adducted many human
hepatic proteins. Notably, large interspecies variations were
observed as shown by differences in fluorescence intensity. For
instance, the suspected CES protein band (~60 kDa) was detected
in human protein lysate with a lower relative fluorescence
intensity in comparison to the rat band, indicating TPHP-binding
at a lower level than in rat liver lysate. Taken together, the in-gel
fluorescence results demonstrated that TPHP covalently reacts
with a broad spectrum of hepatic proteins, with a large inter-
species variation between human and rat hepatic proteomes.

3.3 Chemical proteomics identification of hL-FABP as
a predominant target of TPHP in human hepatic proteome

After confirmation of TPHP-protein adduction via the in-gel
fluorescence results, we moved forward by using shotgun

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 TPHP-probe reacts with hepatic proteome in both human and rat. (A) ABPP allows visualization of proteins labeled by the TPHP-alkyne
probe. (B) TPHP-probe reacts with hepatic proteomes across species. Results are shown from TPHP-probe exposure to liver proteomes from
human and rat. Suspected protein bands from CEH B1 proteins (~60 kDa) are highlighted. For each species, rows were shown in the order of
‘Stained’, 'Neg Cont’, and ‘TPHP-probe’. Stained = Coomassie blue stained TPHP-probe exposed lysate, Neg Cont = fluorescent image of lysate
without TPHP-probe, TPHP-probe = fluorescent image of lysate exposed to TPHP-probe.

proteomics to precisely identify the protein targets covalently
labeled by the TPHP-probe (see workflow in Fig. 3A). A relatively
high concentration of probe (100 uM) was chosen as an exper-
imental concentration to improve the sensitivity and signal-to-
noise ratio of our method, as we aim to determine protein
targets on the proteome-wide level without discrimination
based on affinity.

We first applied the ABPP approach to rat liver tissue lysates
to validate this chemical proteomics method by identifying the
specific CES proteins that had appeared so strongly in our in-gel
fluorescence results. After filtering and data analysis (see
Methods section), we identified 234 protein groups collectively
in the rat biotin-affinity pulldown samples, 35 of which were
considered significantly adducted by the TPHP-probe (Fig. 3B).
As suspected, multiple rat CES protein groups were identified as
highly adducted by our TPHP-probe, including Ces2a/Ces2j/
Ces2g, Ceslf, Ces2e, and Cesle/Ceslc (shown in green in
Fig. 3B, with MS/MS spectra in Fig. S3 and S4), confirming our
hypothesis that these CES proteins are predominant targets in
rat hepatic proteome.

This journal is © The Royal Society of Chemistry 2025

After benchmarking our ABPP chemical proteomics
approach using the rat hepatic proteome, we investigated TPHP
adduction within the human hepatic proteome (represented
here by HepG2 cell lysate). We completed three independent
trials of experiments, each in triplicate, before compiling
results. In these three trials, 216 protein groups were pulled
down by the TPHP-probe, with 8 significant in 1/3 trials, 1
significant in 2/3 trials, and 1 significant in all three trials
(Fig. 3C). In contrast to the results from rat, liver fatty acid
binding protein (hL-FABP/FABP1) was consistently detected as
the top target (Fig. 3C, FABP1 bolded in black) across all 3
batches of ABPP proteomics results. The proteomics results
correspond to in-gel fluorescence results where a strong protein
band was observed at ~14 kDa in HepG2 (Fig. 2B), which is the
expected molecular size of hL-FABP. L-FABP was also identified
as a target for TPHP from rat protein affinity pulldown trials
(Fig. 3B with MS/MS spectra in Fig. S5), albeit at lower signals
than CES proteins. L-FABP is a highly abundant hepatic protein
involved in transport and binding of fatty acids,® which has
also been reported as critical for the hepatic accumulation of
per- and polyfluoroalkyl substances (PFAS).*” The identification

Environ. Sci.. Processes Impacts, 2025, 27, 2865-2874 | 2869


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00327j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 2025. Downloaded on 10/16/2025 3:27:24 AM.

(cc)

Environmental Science: Processes & Impacts

o}
1]

P.
A

o

\\<j>

o B —

Biotin-azide
purification

( 2

/ c

( —_ O

\ LC-MS/ £

S

Retention time

Green = CES :
Black = FABP1 ..

Fold change in rat liver peptide intensity
(exposure vs control)

D TPHP * .

— Exp.
— Ctrl (no

View Article Online

Paper

%

Trypsin

TPHP-probe)

B
I.D. and
analysis

7| Black = FABP1

Average fold change in HepG2 peptide intensity
(exposure vs control, 3 trials combined)

++ ot =

TPHP-probe - +

Coomassie blue staining
Fluorescent imaging

+ + + -

Fig. 3 Chemical proteomics identified L-FABP as a main TPHP target in human liver cells. (A) TPHP-probe adducted proteins were isolated by
binding to streptavidin azide beads, prior to protein identification via LC-MS/MS and fold-change analysis against control. (B) In rat liver lysate,
CES proteins were generally highly adducted by the TPHP-probe, as was L-FABP. (C) In HepG2 cell protein lysate, L-FABP was the only protein
significantly adducted in all trials. (D) Confirmation of TPHP binding to purified recombinant hL-FABP, with a decrease in fluorescence repre-

senting displacement of TPHP-probe (N = 2).

of L-FABP as a novel target for TPHP was unexpected, as the
tetrahedral aryl structure of TPHP differs from previously
known ligands (e.g:, fatty acids and PFAS).*

To confirm TPHP binding to hL-FABP, we utilized a simple
in-gel ABPP competition assay with purified recombinant hL-
FABP protein. We incubated the protein with our TPHP-probe
alongside various concentrations of native TPHP, then visual-
ized relative hL-FABP adduction via in-gel fluorescence. As
shown in Fig. 3D, purified hL-FABP was labeled by the TPHP-
probe in the absence of native TPHP, confirming pulldown
results. The fluorescence of the hL-FABP band decreased as
concentration of native TPHP increased, confirming that both
native TPHP and TPHP-probe can selectively bind to the same
site of hL-FABP. This also provides evidence for a multi-step
reaction in which native TPHP may be able to displace the

2870 | Environ. Sci.. Processes Impacts, 2025, 27, 2865-2874

TPHP-tag in a fast, noncovalent binding phase, prior to slow
covalent bond formation. Despite extensive efforts, we were not
able to identify the covalent adduction site of TPHP to L-FABP,
potentially due to the labile P-O bond (see more information in
Text S2). To our knowledge, this is the first time FABP1 has been
identified as a direct protein target for an organophosphate
ester.

3.4 hL-FABP selectively binds to aryl-OPEs

After confirming hL-FABP binding to native TPHP, we sought to
determine its binding activity at lower concentrations, as well as
to investigate whether other OPE compounds could also bind to
hL-FABP. Our group previously used a displacement assay with
the fluorescent probe 1,8-ANS to determine the binding affini-
ties of PFAS to hL-FABP** (workflow is shown in Fig. S6). We

This journal is © The Royal Society of Chemistry 2025
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modified this fluorescence displacement assay to consider the
potential for covalent binding among OPEs, with the main
change being a longer incubation time with the protein.

We first tested nine commonly used OPEs from three main
structural categories (ie., aryl, alkyl, and halogenated), to
investigate the potential impacts of side chains on protein
binding (Fig. 4 and Table S1). As expected, TPHP binds to hL-
FABP relatively strongly, displacing 50% of ANS from the
binding pocket at 2.73 uM. This further confirmed our ABPP
chemical proteomics and in-gel fluorescence results that TPHP
binds to hL-FABP. The other tri-aryl OPE, ToTP also bound with
hL-FABP, with a very similar 50% displacement value at 2.69
uM. The TPHP-probe was also tested, with a very similar curve to

View Article Online
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native TPHP, but slightly lowered affinity (50% displacement at
8.55 uM, see Fig. S8). The di-aryl OPE, EHDPP, showed signifi-
cant binding potential, but with a lower binding potency, only
reaching around 50% relative fluorescence as compared to the
tri-aryl OPEs, which displaced most of the fluorescent molecule.
This difference in affinity between tri- and di-aryl OPEs suggests
that even one alkyl substitution may significantly decrease
binding affinity to hL-FABP. The hypothesis that alkyl substi-
tution decreases hL-FABP binding affinity was further sup-
ported when testing tri-alkyl OPEs. All six tri-alkyl or chloroalkyl
OPEs showed insignificant or weak binding to hL-FABP.

Taken together, evidence from the displacement assay
suggests that R-group substitution strongly influences OPE
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Fig.4 Human L-FABP selectively binds to aryl-OPEs. Aryl OPEs, left to right: TPHP, ToTP, EHDPP. Chlorinated OPEs, left to right: TCPP, TDCPP,
TCEP. Alkyl OPEs, left to right: TEP, TBOEP, TEHP. Related compounds, left to right: DPHP, TPTP, TPHPI. Fluorescence displacement assays of
ANS from the hL-FABP binding pocket show that aryl-OPEs consistently bind inside of hL-FABP, while other OPEs and related compounds show

limited to no binding affinity.

This journal is © The Royal Society of Chemistry 2025

Environ. Sci.. Processes Impacts, 2025, 27, 2865-2874 | 2871


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00327j

Open Access Article. Published on 20 2025. Downloaded on 10/16/2025 3:27:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Processes & Impacts

binding to hL-FABP, with aryl-groups increasing binding, and
alkyl and chloroalkyl groups decreasing binding potential. This
result aligns with the hypothesis of covalent adduction as
a mechanism for aryl OPE-protein binding, as aryl esters will be
more likely to function as leaving groups than chloroalkyl or
alkyl esters, which are not resonance stabilized and therefore
have a lower leaving group capacity. Additionally, these binding
trends align with the general increased in vitro toxicity of aryl-
OPEs over other OPE structural groups.**®* These results
support covalent protein binding as a likely mechanism for the
toxicity of aryl-OPEs.

After confirming the importance of OPE R-groups, we moved
forward to testing the potential impact of modifications to the
phosphate ester center (Fig. 4 and Table S1). We selected three
structurally related compounds including diphenyl phosphate
(DPHP), 0,0,0-triphenyl phosphorothioate (TPTP) and tri-
phenyl phosphite (TPHPi). These three compound classes are
common contaminants and were selected because they are
structurally similar and may transform into or from TPHP.>>%
No binding was detected for the diester diphenyl phosphate
(DPHP). This might be because the deprotonated OH group on
the diester decreases the electrophilicity of the phosphorous
center, making covalent adduction less likely and decreasing
the leaving group ability of the remaining aryl rings. DPHP is
a metabolite of TPHP, and previous studies have widely re-
ported its presence in humans®® and the environment.” Studies
have also reported the toxicity of DPHP in fish** and mice,* but
its toxicity is significantly lower compared to TPHP.** Our
results supported the conclusion that the low proteome reac-
tivity of DPHP might partially explain its generally low toxicity,
especially relating to hepatotoxicity.*

Similar to DPHP, a low binding affinity was observed for
TPTP, a thiophosphate formed from TPHPi via abiotic reac-
tions.** This lack of binding demonstrated that the thio-
phosphate ester is not electrophilic enough to react with L-
FABP. It is of note that many organophosphate insecticides
with known covalent interactions to proteins are thiophospha-
tes, but they must undergo a bioactivation to an oxon group
before they exhibit this reactivity,* supporting covalent reac-
tivity as specific to phosphate esters.

Finally, TPHPi shows little to no affinity to hL-FABP at lower
concentrations but begins to show some binding at high
concentrations. This compound would not be susceptible to
covalent attack due to the trivalent state of phosphorus. The
weak binding of TPHPi to hL-FABP could be due to a TPHP
impurity which is formed via oxidation from TPHPi. Trivalent
phosphorus is unstable when exposed to air and tends to
oxidize to pentavalent phosphorus over time, resulting in
decreasing concentrations of TPHPi and increasing concentra-
tions of TPHP.*®

Together with the structure-activity relationship, we
concluded that both tri-aryl side chains and phosphate ester
center of TPHP are essential for its specific binding to hL-FABP.
The tri-aryl side chains are crucial to act as effective leaving
groups and to form noncovalent hydrophobic and van der
Waals interactions within the binding pocket, while the
electron-poor phosphate center is vulnerable to covalent attack
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by nucleophilic amino acid residues (e.g., serine). Interestingly,
a similar binding was not observed for epithelial FABP, which is
another protein from the same family (see Text S3, Fig. S7 and
S8). Taken together, these results suggest that OPE binding is
both chemical structure and protein specific.

4. Implications

In this paper, we have utilized a nontargeted method of chem-
ical proteomics analysis to investigate and show interspecies
binding differences in TPHP protein adduction, identified
a significant novel TPHP protein target in the form of L-FABP,
and proven a clear structural dependence for OPE binding to
L-FABP. In vivo testing will be necessary to confirm the role of
hL-FABP adduction in TPHP toxicity, but aryl-OPEs in particular
are known to have obesogenic effects.*”** Because L-FABP is an
important protein on the fatty-acid metabolism pathway,** it
may be that TPHP binding to this protein leads to increased fat
buildup. However, it is also possible that hL-FABP may function
as a detoxification pathway via sequestration, as hL-FABP is
highly abundant and can act as a cytotoxicity protectant.*! In
vivo protein knockdown studies could be used to develop
a wholistic understanding of the impact of TPHP L-FABP
binding.

In our current study, we have minimized non-specific and
non-covalent interactions to highlight the potential for covalent
protein binding as a mechanism of OPE toxicity. This mecha-
nism of OPE toxicity is understudied but may explain multiple
aspects of OPE toxicity. A structural approach to OPE toxicity
investigation with a focus on covalent reactivity would help us
prioritize and eliminate highly toxic OPEs, while avoiding future
regrettable substitutions. Given the results of this study and
high production volume and widespread wildlife and human
exposure to TPHP and other aryl-OPEs,** there is an urgent
need to further assess covalent binding as a potential OPE
toxicity mechanism.
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