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Abstract:

Herbicides in the popular chloroacetanilide class harbor a potent electrophilic moiety,
which can damage proteins through nucleophilic substitution. In general, damaged
proteins are subject to misfolding. Accumulation of misfolded proteins compromises
cellular integrity by disrupting cellular proteostasis networks, which can further
destabilize the cellular proteome. While direct conjugation targets can be discovered
through affinity-based protein profiling, there are few approaches to probe how cellular
exposure to toxicants impacts the stability of the proteome. We apply a quantitative
proteomics methodology to identify chloroacetanilide-destabilized proteins in HEK293T
cells based on their binding to the H31Q mutant of the human Hsp40 chaperone
DNAJB8. We find that brief cellular exposure to the chloroacetanilides acetochlor,
alachlor, and propachlor induces misfolding of dozens of cellular proteins. These
herbicides feature distinct but overlapping profiles of protein destabilization, highly
concentrated in proteins with reactive cysteine residues. Propachlor induces a general
increase in protein aggregation, and selectively targets GAPDH and PARKY7, leading to
a decrease in their cellular activities. GAPDH is primarily modified by direct conjugation
of propachlor at a catalytic cysteine residue, leading to global destabilization of the
protein. The Hsp40 affinity strategy is an effective technique to profile cellular proteins

that are destabilized by cellular toxin exposure.

Raw proteomics data is available through the PRIDE Archive at PXD030635.



Introduction:

Proteins contain numerous nucleophilic sites, including the cysteine thiol, the
lysine e-amine, and the N-terminus'. These reactive sites enable post-translational
modifications that play central roles in cellular signaling and function, but protein
nucleophiles are also subject to modification by environmental and metabolic
electrophiles®. This damage can deprive the cell of protein function?, interfere with
binding interactions*, or promote protein misfolding and toxic aggregation®. Despite the
clear threat that electrophilic exposure agents present to the cellular proteome and
protein homeostasis, protein conjugation by environmental toxicants is not nearly as
well investigated as nucleic acid conjugation. This stems in part from the larger dynamic
range for nucleophilicity in proteins as compared to nucleic acids®. Nucleic acid
reactivities vary far less than protein reactivities, and the mutagenic potential of nucleic
acid adducts can be readily determined through well-established mutagenicity assays
such as the Ames test. Assays that identify the protein targets of electrophiles and other
reactive exposure agents are necessary to identify their molecular mechanisms of
toxicity.

One of the most popular herbicide classes over the past 50 years is the
chloroacetanilides, which feature a highly electrophilic haloacetamide motif. These
herbicides are N-alkoxy alkyl-N-chloroacetyl substituted derivatives of aniline and
commonly used to minimize weed control for agricultural goods such as corn, maize,
and rice’. Despite increased regulation due to evidence for carcinogenicity®® and
potential to accumulate in soil and wetlands'®, chloroacetanilides remain widely used
throughout the world''. Although the reported carcinogenicity is presumably through the

formation of DNA and protein adducts'>'4, other studies have found that



chloroacetanilides are not genotoxic and do not damage DNA in vivo™. Little work has
been performed to identify which proteins are most susceptible to chloroacetanilide
conjugation, and none at all to determine how this modification impacts protein stability
(Scheme 1A).

Most of our knowledge regarding the protein targets of chloroacetanilides come
from activity-based protein profiling (ABPP) experiments'®-'8. In these experiments,
protein targets of a small molecule are identified based on their covalent reaction with a
probe. Direct experiments substitute the small molecule with an isolable tag to generate
the probe, while competition experiments use a probe with defined reactivity (e.g. for
pK-pertubed cysteines) and profile proteins that can be competed out by the small
molecule. Mice injected with acetochlor accumulated cysteine adducts in fatty acid
oxidation pathway proteins with consequent metabolic deficits'®. Broadly, most
cysteines are not readily reactive to chloroacetamides, and even reactive cysteines
show high specificity for individual ligands'®. While powerful, this approach is limited to
identifying proteins that form direct adducts with the probe. Pesticides and herbicides
can produce secondary metabolites associated with protein damage and destabilization
19-21 leading to changes in protein stability??-2%, through mechanisms that should not
change ABPP reactivity. More generally, loss of proteostasis for individual damaged
proteins has the potential to destabilize the broader proteome?6-28,

Alternatively, a variety of proteome-wide methods assay changes in protein
conformation or stability in response to exposure. These techniques, which include
Stability of Proteins from Rates of Oxidation (SPROX), Fast Photochemical Oxidation of

Proteins (FPOP), limited proteolysis (LiP), and Covalent Protein Painting (CPP), provide



residue-level interrogation of protein solvent accessibility?®-34. Each has been
successful at revealing ligand targets, and SPROX in particular has successfully
identified targets of exogenous toxicants3%36. Still, these techniques require profiling of
the entire proteome, which inherently challenges their depth.
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Scheme 1: A) Propachlor can conjugate to cysteine. This type of protein damage could
induce protein misfolding. B) Description of our assay to identify changes in protein

stability based on affinity to the Hsp40 DNAJB8H31Q,

We previously developed an affinity purification mass spectrometry (AP-MS)
approach to profile the misfolded proteome using human the Hsp40 DNAJB8 *’. This
assay combines affinity purification of overexpressed F@DNAJB8MH3'Q with quantitative
proteomics to identify hundreds of co-isolating cellular proteins with high reproducibility
and statistical confidence®-3°. The H31Q mutation blocks the release of misfolded
protein clients from DNAJB8, making it a thermodynamic sink for its clients. This binding

is highly detergent-resistant, allowing immunoprecipitates to be stringently washed.



Proteins that are destabilized by a treatment are selected for by the affinity purification,
and hence are more likely to be identified during LC-MS in data-dependent analysis
mode.

Herein, we apply our Hps40 affinity platform to identify proteins that are
destabilized after cellular exposure to chloroacetanilide herbicides. We profile the
effects of acetochlor, alachlor, and propachlor on the HEK293T proteome and
discovered distinct profiles of destabilized proteins for each condition, with most protein
targets harboring reactive cysteines. Propachlor in particular targets Parksinsons’
associated proteins GAPDH and PARKY, decreasing their cellular activity. Hsp40
affinity profiling is a simple method for rapidly identifying proteins that are destabilized

by cellular exposure.

Materials and Methods

Materials: We purchased 1,4-dithiothreitol (DTT), Roche Protease Inhibitor cocktail w/o
EDTA (PIC), HEPES, propachlor, acetochlor, alachlor, Tris (2-carboxyethyl)phosphine
hydrochloride (TCEP), Sepharose-4B beads, M2 anti-Flag magnetic dynabeads, and
the GAPDH Activity assay Kit from Sigma Aldrich. We purchased bovine serum albumin
(BSA), Dulbecco’s Modified Eagle Media (DMEM), Dulbecco’s phosphate-buffered
saline (DPBS), 10 cm tissue culture plates, and 6-well tissue culture plates from VWR.
We purchased KCI, MgClz, CaClz, Ag(NOs)2, Na2S203, NaCl, Tris-HCI, Triton X-100,
sodium deoxycholate, urea, Ca(O2C2H3)2, glycerol, sodium dodecyl sulfate (SDS), poly
D-lysine, and sequencing grade trypsin from Thermo Fisher Scientific. Proteinase K

(PK) and Trypsin/LysC were purchased from Promega. Nanopure water was prepared



from a Millipore Milli-Q Laboratory Lab 4 Chassis Reagent Water System. 5 ym and 3
um Aqua C18 resins were purchased from Phenomenex. 250 ym inner diameter fused
silica columns were from Agilent. 100 um inner diameter fused silica columns were from
Polymicro. Strong cation exchange resin was from Partisphere, GE Healthcare.
Rapigest was purchased from Aobious (Gloucester, MA). TMT-6plex isotopic labels
were from Pierce. Bradford reagent was purchased from Bio-rad. Ambient temperature

in our laboratory is maintained between 17 and 21 °C.

Cell Culture and Immunoblotting: HEK293T cells were maintained in DMEM
supplemented with glutamine, penicillin, streptomycin, and fetal bovine serum
(Seradigm). F@DNAJB8M3'Q plasmid has been reported previously®. FlRSGAPDH in the
pCMV3 vector was purchased from Sino Biological. Immunoblots were transferred to
nitrocellulose from SDS-PAGE gels using a Bio-Rad Trans-Blot Turbo, stained with
ponceau S to image total protein, blocked with 5% dried milk/TBST (10 mM Tris pH 7.4,
150 mM NacCl, 0.1% Tween), washed with TBST, incubated with primary antibody in 5%
BSA/TBS with 0.1% NaNs, washed with TBST, incubated with near-IR conjugated
secondary antibody in 5% dried milk/TBST, washed with TBST, washed with TBS, and

imaged on a Li-COR Fc.

AP-TMT-MudPIT: TMT-AP-MS experiments using "29DNAJB8"3'? were performed as
described previously®’. Briefly, six 10 cm plates of HEK293T cells were transfected by
the calcium phosphate method with 5 ug of plasmid DNA encoding "29DNAJB8"3'Q in

the pFLAG backbone. Plates were treated with 1 mM of the indicated chloroacetanilide



at 40-46 hours post transfection for 30 min in serum free media. Cells were harvested
by scraping in DPBS. Cells were then lysed in 9 parts RIPA Buffer (150 mM NacCl, 50
mM Tris pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) and 1 part
10x PIC on ice for 30 min. Samples were centrifuged 21,000 x g for 15 min at 4 °C to
separate lysate from cell debris. The Bradford assay was used to quantify protein in
each lysate. Lysates were incubated with 15 yL Sepharose-4B beads for 30 min at 4 °C,
then centrifuged at 1,500 x g for 1 min to pellet beads. Lysate was then separated and
then incubated with 15 pL of M2 anti-Flag Magnetic Beads and rotated overnight at 4
°C. The anti-Flag beads were washed the next day four times with RIPA buffer. Each
wash included rotation for 10 minutes at ambient temperature. Proteins bound to the
anti-Flag beads were eluted by boiling for 5 min at 100 °C in 30 pyL of Laemmli
concentrate (120 mM Tris pH 6.8, 60% glycerol, 12% SDS, brilliant phenol blue to
color). 5 pL of the elutes were saved for silver stain analysis and the remainder was

prepped for mass spectrometry and TMT-labeled from a 6-plex TMT set.

Only MS quality organic solvents were used during sample preparation. Samples were
CHCI3/MeOH precipitated, resuspended in 1% Rapigest, diluted in 50 mM HEPES pH
8.0, reducing 30 min. with 5 mM TCEP, alkylated for 30 min in the dark with 10 mM
iodoacetamide, digested with 500 ng trypsin overnight at 600 rpm and 27 °C, labeled
with the appropriate TMT tag NHS-ester in 40% acetonitrile for 1 h, quenched with
ammonium bicarbonate, pooled, acidified by being brought to 5% formic acid, and
clarified by centrifugation for 30 min. at 21000 x g. The composition for buffer Aiis 0.1%

formic acid, 5% acetonitrile in water. The composition for Buffer B is 0.1% formic acid,



80% acetonitrile in water. The composition for Buffer C is 500 mM ammonium acetate in
Buffer A. MS runs were performed by using a two-dimensional LC/MS/MS setup on an
LTQ Orbitrap Velos Pro hybrid mass spectrometer (Thermo) interfaced with an Easy-
nLC 1000 (Thermo) according to standard MuDPIT protocols*’. For each run, MS/MS
spectra were extracted using MSConvert (version 3.0.21144) with Peak Picking
Filtering. FragPipe was used to search MS/MS spectra against a Uniprot human
proteome database (06/11/2021 release, longest entry for each protein) supplemented
with common contaminants and reverse sequence decoys for a total of 40858
sequences*'. MS/MS spectra were also searched against 20429 select decoys (e.g
albumen, porcine trypsin, contaminants etc.). FragPipe searches allowed for static
modification of cysteine residues (57.02146 Da, acetylation), variable modifications of
herbicide adducts (175.0997 for propachlor adducts, 233.1416 for acetochlor and
alachlor adducts), static TMT taggin of N-termini and lysine residues (229.1629 Da), and
half tryptic peptidolysis specificity. We allowed a mass tolerance of 1.25 Da for the
precursor ion mass and 20 ppm for the product ion masses. MSFragger (Version 3.2)
was used to match and filter spectra. Decoy proteins, common contaminants,
immunoglobulins, and keratins were filtered from the final protein list. Quantitation in
FragPipe was performed by averaging TMT reporter ion intensities for all spectra
associated with an individual peptide. Raw proteomics data is available through the

PRIDE Archive at PXD030635.

FllsGAPDH AP-MS was performed similarly, except digestion was performed using two

step LysC/Trypsin (Promega) digestion according to manufacturer’s protocol, and



dynamic exclusion was set to 30 seconds during LC-MS/MS analysis of peptides. Open
search was performed in FragPipe using default settings*. For intact protein MS, beads
were washed 4 times with PBS after RIPA washes and eluted overnight in 8.8 M urea in
50 mM Tris pH 8.0. Quantitative immunodepletion was confirmed by immunoblotting,
sample purity was confirmed by SDS-PAGE followed by silver stain, and samples were
analyzed by LC-ESI-MS on an Agilent 6545 LC/QTOF. Charge state envelopes were

deconvoluted using MassHunter Bioconfirm software.

Statistical Analysis: Statistical analysis was performed as previously described®’.
Initially, protein-level intensities were normalized to the intensity of bait (DNAJBS8) in
each TMT channel. We then used a version of the scaled reference approach to
combine multiple TMT runs*3. The bait-normalized integrated TMT reporter ion
intensities were averaged for each protein across the three control conditions in each
AP-MS run to get a scaling factor. Each bait-normalized protein intensity was then
divided by this scaling factor. Storey’s modification of the method of Benjamini and
Hochberg was used to convert unadjusted p-values to g-values (local false discovery
rates)**45. Unadjusted p-values were ranked in increasing order and the g-value for the

ith protein determined from:

. pn
qi = TMiNigj<n 7

Storey’s modification is performed by determining the overrepresentation of low p-
values to infer a global false discovery rate, and then scaling local false discovery rates
accordingly. The n-factor for this scaling was 0.54 for the acetochlor treatment, 0.5 for

alachlor treatment, and 0.3 for propachlor treatment.
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Limited Proteolysis and PRM: The limited proteolysis procedure was optimized from
standard protocols and previous experiments®37. 1 mg/ml stocks were prepared from
25 mg of lyophilized Proteinase K (PK) were dissolved in storage buffer (50 mM Tris-
HCI, 2 mM calcium acetate, pH 8.0) and stored at —70 °C. The following concentrations
of PK were prepared from serial dilutions from the 1 mg/ml aliquot: 0.5 mg/ml, 0.2
mg/ml, 0.1 mg/ml, 0.05 mg/ml, and added to lysate to yield 1:200, 1:500, 1:1000, and
1:2000 protease:substrate protein ratios (w/w) respectively. 2 yl PK was added to a 200-
Mg aliquot of protein lysate and incubated for 1 min at 25.0 °C for each digestion.
Samples were then boiled for 5 min to quench PK activity. Three separate digestions
were performed for the no PK condition for each lysate sample. Samples were prepared
for mass spectrometry were analyzed using LC-MS/MS and parallel reaction monitoring

(PRM). Chromatograms and product ions were quantified by Skyline*.

PRM runs were performed using the following gradient of Buffer A to Buffer B. The
composition of Buffer is 5% acetonitrile and 0.1% formic acid in Millipore water. Buffer B
is composed of 80% acetonitrile and 0.1% formic acid in water. Peptide were separated
by LC-MS using a 100 minute gradient composed of Buffer A (5% acetonitrile:95 %
water: 0.1% formic acid) and Buffer B (80% acetonitrile: 20% water: 0.1% formic acid)
over the following segments: 1-5 min: 1-6% Buffer B. 5-75 min: 6-33% Buffer B. 75-80
min: 33-100% Buffer B. 80-85 min: 100% Buffer B. 85-90 min: 100-1% Buffer B. 90-100
min: 1% Buffer B. Flow rate was 500 nl/min. Technical and biological CVs for each

peptide were below 20%, except for VPTANVSVVDLTCR which exhibited a CV of 22%
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between runs (Table S1). CVs of select peptides were analyzed at 60000 resolving
power for MS2 scans using unscheduled runs and were not meaningfully affected,

confirming that 7500 is adequate to avoid interference (Table S1).

GAPDH Activity Assay: GAPDH enzymatic activity in cell lysates were measured using
an assay kit (Sigma MAK277) according to the manufacturer’s protocol. Three 10 cm
plates of HEK293T cells were treated with 1 mM propachlor for 30 minutes in serum-
free media and three 10 cm plates of HEK293T cells were treated with DMSO in serum
free media for 30 minutes. Each plate was then harvested by scraping with DPBS and
pellets were frozen in -80 °C for future use. Each pellet was lysed in GAPDH Assay
buffer and 8 uL from each plate were aliquoted into a separate row for 4 wells where
each well had 42 yL of GAPDH assay buffer including GAPDH Developer. There were 6
rows used in the plate. 2 wells were treated with GAPDH substrate, and 2 wells were
treated without substrate. Measurements were recorded on a Bio-tek Synergy H1
microplate reader. Absorbance measurements were recorded at 450 nm and normalized

to protein concentration measured by Bradford.

DJ-1 Deglycase Activity Assay: DJ-1 (PARKY7) Deglycase Assay was modified from
Tsumoto et al.*” 6—cm plates of HEK293T cells were grown to 80% confluency, followed
by pre-treatment with either 1 mM propachlor or vehicle (DMSO) for 30 min in serum-
free media. They media was then changed to complete media with or without glyoxal for
2 h, followed by immediate harvest by scraping with DPBS and lysis in 9 parts RIPA

Buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate,

12



0.1% SDS) and 1 part 10x PIC for 30 min on ice. Cell lysates were quantified by
Bradford and loaded on 10% SDS page gels for western blotting analysis. Western blots
were first probed with anti-carboxymethyllysine antibody (CML; rabbit polyclonal) and

then with anti-B-actin (mouse monoclonal 7D2C10).

Propachlor Aggregation Studies: Three out of six 10 cm plates of HEK293T cells were
treated with 1 mM propachlor for 30 min. The other three 10 cm plates were treated with
DMSO for 30 min. Media was then changed for recovery for 6 h. Cells were harvested
by scraping in DPBS and lysed in 9 parts RIPA Buffer (150 mM NaCl, 50 mM Tris pH
7.5, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) and 1 part 10x PIC for 30
min on ice. Lysate was separated from cell debris by centrifugation at 21,000 x g for 15
minutes at 4 °C. Protein in the lysate was quantified by Bradford. Protein samples were
normalized and balanced to 2mg in 1ml of RIPA. The rest left is a representative of total
(T) sample. Samples were placed in TLA-SS rotor and spun in a Beckman Opti-MAX at
77,0009 for four hours. Soluble fraction was separated from insoluble fraction. The
insoluble fraction was washed four times with RIPA buffer. Each wash included gentle
resuspension for 1 minute. The insoluble fraction (P) was resolubilized in 8 M urea in
50 mM Tris overnight at 4 °C. Aliquots from initial lysis, soluble fraction, and insoluble

fraction was taken for western blot analysis.

Two separate TMT experiments were used to quantify changes in aggregation between
propachlor and control treated samples. TMT sample prep was adapted from labeling

procedure from AP-TMT-MuDPIT experiments. Only MS quality organic solvents were
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used during sample preparation. Aliquots of 20 ug were taken from each T sample.
Samples were precipitated by methanol/chloroform precipitation. Pellets were then air-
dried and resuspended in 1% rapigest in water. Resuspended protein solutions were
then diluted to 50 yL in 100 mM HEPES, pH 8.0, and reduced with 10 mM TCEP for 30
min at 37 °C. Protein solutions were then alkylated with 5 mM iodoacetamide for 30 min
in the dark at ambient temperature. 0.5 ug sequencing grade trypsin was added to the
protein solution for digestion overnight at 37 °C with agitation (600 rpm). TMT isotopic
labels were resuspended (100 ug/80 uL acetonitrile) and 40 L of label was added to
each 60 yL sample of digested peptides. Samples were labeled for 1 h at ambient
temperature. Labeling was quenched with 0.4% ammonium bicarbonate at ambient
temperature for 1 h. Samples were pooled, acidified, centrifuged for 30 min at

21,100 x g to remove any insoluble debris. Samples were then dried by centrifugal
evaporation to 10 pL. Solutions were then brought to 200 uL in Buffer A, incubated at
37 °C for 1 h, and centrifuged for 30 minutes at 21,100 x g. Solutions were transferred
to new low-binding tubes (Eppendorf) and the process of heat-spinning was repeated

three more times to complete elimination of Rapigest.

Pellet (P) fractions were quantified by Bradford. The amount of sample required to make
20 ug of protein was averaged among the 6 samples. That average aliquot was then
taken from each sample and precipitated by methanol/chloroform precipitation. The

sample was then labeled as shown above for the T fractions.
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Resazurin Assay: Resazurin sodium salt was purchased from Acros Organic. For cell
viability experiments exploring propachlor treatments, 50,000 cells were plated in 64
wells in a Poly-D-Lysine coated 96 well plate. Each row was treated with an increasing
amount of propachlor for 30 minutes starting with 0 mM to 1 mM propachlor in serum
free media. The media was then changed and allowed to recover for 24 hours. Two mg
of resazurin sodium salt was resuspended in 1 ml of DPBS. 5 yl of resazurin solution
was added to each well. The final concentration for each well was thus 380 pM.
Fluorescence measurements were recorded on a Bio-tek Synergy H1 microplate reader
at 550 nm excitation and 590 nm emission. The bandwith filter selected for excitation

was from 540-560 nm. The bandwith filter for emission was from 580-600 nm.
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Results and Discussion

Because our assay uses recovery of proteins with DNAJB8"3'Q as a proxy for affinity,
changes in protein abundance would complicate the interpretation. To avoid
perturbation to proteome abundance, we optimized the treatment time to be short
enough to preclude transcriptional and translational remodeling of the cell*”#8 while still
inducing protein destabilization. The primary misfolded protein stress response in the
cell is the Heat Shock Response (HSR), in which the presence of nuclear or cytosolic
misfolded proteins activates the transcription factor HSF1, leading to increased
transcription and translation of chaperones and degradation factors and consequent
restoration of cellular protein homeostasis*®. A primary chaperone target of HSF1 is the
cytosolic Hsp70 HSPA1A. We validated that 30 min 1 mM of acetochlor in serum-free
media followed by a 16 h recovery, induces HSR target HSPA1A in HEK293T cells in
cells overexpressing F@DNAJB8'? (Figure 1). Treatment with 1 mM acetochlor for 30
minutes in serum-free media was thus chosen for profiling using our AP-MS strategy.
Serum-free media is necessary to avoid small molecule scavenging and is a standard
incubation condition for cellular exposure to acetochlor'®5%%1 Indeed, the use of
complete media ablates HSR activation by acetochlor. Surprisingly, "2@9DNAJB8H31Q
sensitizes the cells to activate the HSR in response to acetochlor treatment, possibly
due to its direct binding of misfolded client proteins®-54. This sensitization was not
previously observed for HSR induction by arsenite or by cadmium3’. 1 mM propachlor
and 1 mM alachlor in serum-free media for 30 minutes were chosen to be consistent
with the acetochlor conditions despite neither herbicide upregulating HSPA1A (Figure

S1A,B). Using the same conditions for each herbicide treatment allows us to relate
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effects on the proteome to structural characteristics rather than to incubation time and
concentration. Even in the absence of adequate global proteostatic stress for HSF1
activation, propachlor and alachlor could still induce misfolding of specific protein
targets with consequent cellular toxicity®®. Consistent with this possibility, we found that
30 min. incubation with 1 mM propachlor inhibits viability of HEK293T cells by resazurin

assay (Figure S2).
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Figure 1: Immunoblot of SDS-PAGE separated lysates from HEK293T cells expressing
the indicated proteins and treated with acetochlor in serum-free media for 30 min.,
followed by a 16 h recovery in complete media. Induction of the HSR target HSPA1A in
response to acetochlor treatment is a proxy for the level of HSR activation. HSPA1A
density is below the blot slice. Molecular weight markers are indicated on the left.
Antigens targeted by immunoblotting are listed to the right of the slice.

We utilized the Hsp40 affinity approach (Scheme 1) to profile for chloroacetanilide-
dependent misfolded proteomes. f29DNAJB8H3'? was transiently overexpressed in
HEK293T cells, followed by 30 min of chloroacetanilide herbicide treatment, and
immediate Flag immunoprecipitation from cellular lysate. Co-immunoprecipitated
proteins were labeled by TMT isobaric tagging®® and then identified and quantified by
LC/LC-MS/MS. Each herbicide treatment (acetochlor, alachlor, and propachlor) was

performed over 24 biological replicates (12 treated and 12 controls) and analyzed by

four 6-plex TMT runs. The overall protein distribution in eluates, as analyzed by SDS-
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PAGE separation followed by silver staining, does not show gross differences between
the immunoprecipitates, as expected from such a short treatment (Figure S3).
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Figure 2: A-C. Differential Hsp40 affinity of proteins in response to treatment (1 mM, 30
min. in serum-free media, n = 4 biological replicates) of HEK293T cells with the
indicated herbicides. The DNAJB8"3'Q-interacting proteins are ranked by Strictly
Standardized Mean Differences (SSMDs, variance-normalized differences between
control and treatment). Notable proteins are indicated by red arrows. D. Percent of
proteins (binned in groups of 100 according to ranked SSMD) that were reported as
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reactive to a general iodoacetamide probe or any of 128 chloroacetamide probes in
Kuljanin et al.'®. Volcano plots can be found in Figures S3-5.

The Hsp40 affinity profile for each chloroacetanilide exposure provides a distinct
fingerprint (Tables S2-S4). Acetochlor treatment increases DNAJBS affinity for most
(82%) of DNAJBS clients identified across the mass spectrometry runs (See Figure 2A
and Figure S4), with 2% of clients demonstrating a greater than 2 fold increase in
affinity. We further compared to a previously reported liver ABPP of mice exposed to
acetochlor'®, Out of 338 common quantified proteins, there is no correlation (Figure S5,
R? < 0.01) between the extent to which proteins are destabilized according to the Hsp40
assay and the extent to which they lose iodoacetamide reactivity following acetochlor
exposure, indicating that our assay is distinct from measuring conjugation. Of the 28
mouse liver proteins that lost iodoacetamide reactivity or alkynylated acetochlor
reactivity following mouse acetochlor treatment, 20 were identified in our Hsp40 affinity
runs, with 6 demonstrating significantly (g-value < 0.05) increased Hsp40 affinity (SCP2,
ACAT1, PDIA3, NNT, HSPD1, and DLD). Given the differences in model system
(intraperitoneal injection of mice followed by ex vivo liver excision and alkynylated
iodoacetamide labeling vs. human tissue culture) and in the assays, it is encouraging
that several of the same targets are found in both studies.

Several enzymes with active cysteines prone to electrophilic modification had
significantly greater affinity for DNAJB8"3'Q after acetochlor exposure. Thymidylate
Synthase (TYMS) (Fold Change = 3, q value = .003), an enzyme essential for
production of thymidine nucleotides®’, has an active site cysteine that is specifically

targeted by an electrophilic chemotherapeutic drug®. Another protein with significantly
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increased Hsp40 affinity following acetochlor treatment is eukaryotic translation initiation
factor 3 subunit E (elF3e) (Fold Change = 1.96, q value = .0004) which plays a role in
tumor growth and the hypoxia response®. Acetyl-CoA acetyltransferase 1 (ACAT1; Fold
change = 2.91, q value = .02) was significantly destabilized, consistent with its multiple
reactive cysteines'88961 |t's possible that adduct formation could stabilize rather than
destabilize a protein, leading to a decrease in Hsp40 affinity. Choline
/ethanolaminephosphotransferase 1 (CEPT1) and microsomal glutathionine S-
transferase 3 (MGST3) bind less to DNAJB8H' after treatment, indicating stabilization.
These two enzymes both contain active site cysteines that interact with substrates
(ethanolamine phosphate and glutathione respectively)®23. Alternatively, these proteins
could have lower abundance in response to propachlor treatment, though CEPT1 and
MGST3 are both fairly long-lived proteins®%5 and so would have to be actively
degraded to be depleted on the time-scale of the experiment.

Despite its lack of HSR induction, alachlor exposure increases DNAJB8 affinity of
many more proteins than acetochlor exposure (Figure 2B and Figure S6). 764 proteins
show significantly (g-value < 0.05) increased DNAJBS affinity following alachlor
exposure, as opposed to 81 proteins following acetochlor exposure. Selectively targeted
proteins included Microtubule Associated Serine/Threonine Kinase Like (MASTL) (fold
change = 2.02, q value = 5 x 10), a kinase involved in mitosis®, and Zinc Finger
Protein 24 (ZNF24), a tumor suppressor®’. The higher impact of alachlor as opposed to
acetachlor is in some ways surprising, as the two molecules are isomers differing only
by a methyl group. However, regioisomers can have substantially different lipophilicities

and cellular uptake®. Alachlor has a log Kow of 3.5, as opposed to 3.0 for acetachlor.
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Small structural differences have been shown to have large effects on protein reactivity
for other electrophilic series®®. The stronger protein destabilization response to alachlor
treatment could also reflect the differential metabolism of the compounds. Compared to
alachlor, acetochlor metabolizes faster into 2-chloro-N-(2,6-diethylphenyl)acetamide
(CMEPA) and 2-methyl-6-ethylaniline (MEA)’%’!. While microsomal pathways are not
available in the HEK293T cells, other chloroacetanilide decomposition pathways could
be available.

Propachlor treatment has the strongest effect on the DNAJB8"3'Q-associated
proteome (Figure 2C and Figure S7). The two most prominent targets that are unique
to propachlor are glyceraldehyde-3-phosphate dehydrogenase (GAPDH; fold change =
5.97, g-value = 6.09 x10-°) and Parkinson’s disease protein 7 (PARK7/DJ-1, fold change
= 3.8, g-value = 5.56 x 10-%). GAPDH is an enzyme that canonically uses a susceptible
active-site cysteine to bind and reduce nicotinamide adenine dinucleotide (NAD) in
glycolysis’?, but consistent with its high abundance also engages in extensive
moonlighting activities”. Due to its high abundance and pK-perturbed active site
cysteines, GAPDH is a frequent conjugation target of electrophilic molecules’* 5.
GAPDH is found in Parkinson’s Disease (PD)-associated aggregates, and its
aggregation is promoted by electrophilic conjugation”. Given its abundance and fold
change in DNAJBS8 co-IP recovery, it is possible that GAPDH is the feature observed by
silver stain at 37 kDa (Figure S3). Thermodynamically destabilized PARKY variants are
linked to familial Parkinson’s disease’’, and PARK7 overexpression protects against
chemical induction of Parkinson’s phenotypes’®. Although a wide variety of mechanisms
have been ascribed to PARKY, including chaperoning and proteolytic activities, the

evidence is strong that it serves as an oxidative stress sensor that protects against
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cysteine oxidation’®, as well as a cellular deglycase preventing electrophilic protein
damage.

We expected that proteins with the highest reactivities to electrophilic species
would also be the most destabilized, while proteins whose Hps40 affinities are less
impacted by propachlor treatment would be enriched in less reactive proteins. We
compared the ranked SSMDs for all identified proteins against reactivity profiles
reported in Kuljanin et al.'8, with the expectation that our strongest hits for each
chloroacetanilide would reflect proteins that are generally more active nucleophiles.
Proteins were considered to be iodoacetamide-reactive if they were directly modified by
the iodoacetamide probe, and were considered chloroacetamide-reactive if any of the
158 tested chloroacetamides could outcompete iodoacetamide reactivity by a factor of
4-fold (Figure 2D). For each chloroacetanilide herbicide, there is no enrichment of more
reported reactive proteins at higher Hsp40 affinity follow herbicide treatment. About 12%
of our identified proteins have reported chloroacetamide reactivity, independent of
chloroacetanilide-induced destabilization. This finding strongly agrees with a central
conclusion from the prior work: chloroacetamide reactivity is sparse, with most
molecules showing substantial specificity to individual proteins. In keeping with the
greater reactivity of iodoacetamides, about 70% of our identified proteins have reported
iodoacetamide reactivity, again independent of chloroacetanilide-induced
destabilization. This finding is more surprising, but could reflect that Hsp40 affinity is not
the same as reactivity; adduct formation can have different effects on protein stability for
different proteins. Indeed, there is no correlation between the promiscuity of a protein

for chloroacetamide modification and it’'s destabilization by any of the three
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chloroacetanilides that we profiled (Figure S8). Nevertheless, our most affected
proteins are iodoacetamide reactive, consistent with the primary mechanism of protein
destabilization due to cellular chloroacetanilide exposure being mediated through direct
conjugation at reactive cysteines (Figure S9).

Including PARK7 and GAPDH, 78 proteins have substantially increased (fold
change > 2 and g-value < 0.1) affinity for DNAJB8 following propachlor treatment
(Figure 3A). This is more than the twice the combined number of proteins destabilized
under the same criteria after alachlor and acetochlor treatments. The higher
susceptibility of the proteome to propachlor could be based on substitution reaction
reactivity. Kinetic studies between propachlor and alachlor reactivity found a 2-fold
increase in the substitution of propachlor against several nucleophiles and a lower
Gibbs free energy required for substitution reactions of propachlor with nucleophilic
thiols®. All three treatments cause marked destabilization of TYMS and ACAT1, and
apparent stabilization (decreased DNAJB8 affinity) of CEPT1 and MGST3 (Figure 3B).
Outside of those, the proteins that are most affected by each individual treatment are
unique. This selectivity is particularly salient given the high concentrations (1 mM) used
for the treatments. The unique profiles of proteins affected by each herbicide is
consistent with the high selectivity of protein reactivity with even strongly reactive

warheads 81-83,
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Figure 3: Comparison of proteome-wide Hsp40 affinity changes from the three
chloroacetanilide herbicide treatments. A. Comparison of the most impacted proteins
and B. Comparison of Strictly Standardized Mean Differences (SSMDs; treatment vs.
control). Coloring of points in this figure is used consistently to show relative reactivities
of PARK7, ACAT1, TYMS, GAPDH, CEPT1, and MGST3.

We searched for cysteine-chloroacetanilide adducts from each run, finding
32/8637, 40/16029, and 102/15694 modified/total peptides following acetochlor,
alachlor, and propachlor treatments respectively. It can be challenging to identify
peptide modifications without enriching for the modified sites, as stoichiometry on a per
peptide basis for post-translational modifications are often low?*. Furthermore, when
peptide identifications are filtered, the filtration thresholds are set for each search such

that the false discovery rate based on a decoy set is <1% of peptides. While that

intended threshold is likely reasonably close to the true false discovery rate in the
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context of the entire proteome®, for a modification found on only a small number of
modified peptides it introduces a much higher practical risk of misidentification®. With
these caveats in mind, we include the list of identified chloroacetanilide conjugates in
Table S5. It is also worth noting that we consistently see a DNAJB8 modification at
C70. While this is in the DNAJB8 J-domain®387, which is dispensable for client binding,
we cannot rule out the possibility that this modification itself could impact DNAJB8
recognition.

Protein misfolding is a necessary intermediate step for protein aggregation8889
and all misfolded proteins have the potential to aggregate®. The increase in protein
misfolding following propachlor exposure could also lead to an increase in aggregation.
We used ultracentrifugation to isolate the insoluble proteome following cellular
propachlor exposure (Figure 4 and Table S6). Cells were allowed to recover 6 h post-
treatment to allow misfolded proteins time to partition towards an aggregated state.
Nearly all detected proteins aggregate more in response to cellular propachlor exposure
(Figure 4 and Figure S$10). Propachlor treatment has no significant effect on lysate
protein abundances, suggesting that the cellular proteome is not meaningfully
remodeled over this time-scale (Figure S$11).

Despite both aggregation and Hsp40 affinity increasing across a majority of the
observed proteome after cellular propachlor exposure, there is no meaningful
correlation between these two factors. This is consistent with a previous study that
found that stress-dependent protein aggregation does not correlate with stability across
diverse stresses®'. Generally, different measures of protein stabilization are poorly

correlated with each other, as protein misfolding involves multiple processes that will be
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probed differently by different assays34. The vesicular trafficking proteins®2% SMAP2,
GAK, CLTA, CLTB, CLTC, CLTC1, AP1B1, AP1M1, EPS15, and CLINT1 all
substantially lose solubility in response to propachlor treatment, but this network only
modestly increases its DNAJB8S affinity. These proteins rely on Hsp70 for clathrin
disaggregation, but GAK serves as a dedicated Hsp40 co-chaperone outside of
neuronal cells?’:°4. These proteins may not be well-surveyed by a promiscuous Hsp40
such as DNAJBS8, even under conditions that lead to their destabilization. Alternatively,
they may have lower thresholds for aggregation as compared to proteins that show

greater differential DNAJBS affinity following propachlor treatment®.
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Figure 4: Aggregation of cellular proteins in response to propachlor exposure.
Strictly standardized mean deviations (SSMDs) for propachlor-dependent protein
insolubility and Hsp40 affinity. HEK293T cells were treated as indicated, lysed, pre-
clarified by centrifugation, and the lysates normalized to total protein. Protein
aggregates were further prepared by ultracentrifugation (6 biological replicates for each
treatment condition). The plot compares the change in aggregate levels for each protein
to the change in Hsp40 binding (from Figure 2C) for proteins identified in both sets of
experiments (1477 proteins). Volcano plots for both propachlor-dependent changes in
the total and aggregated proteome are in Figures S10 and S11.
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GAPDH is highly abundant in the human proteome with many functions beyond
its canonical role in glycolysis’>"3. These functions are readily perturbed by a diverse
range of post-translational modifications® which can lead to toxic aggregation®’, making
its destabilization following propachlor exposure particularly hazardous for cellular
proteostasis. Hence, we looked for the presence of GAPDH-propachlor adducts.
GAPDH is susceptible to modification by a wide range of electrophiles, including 4-
hydroxynonenal and methylglyoxal®®°, Cysteines in the NAD+ binding site are
particularly subject to electrophilic modification'%-1°2, To determine whether GAPDH is
modified during propachlor treatment, we immunoprecipitated "29GAPDH from lysates
following cellular propachlor treatment. GAPDH interactions are interrupted by our
stringent RIPA washes, so that "@9GAPDH is prepared with minimal contamination by
other proteins (Figure S12A). In the absence of treatment, we see GAPDH primarily
present as the N-terminally acetylated protein, with a smaller population of the
glutathione conjugate (Figure S12B). After propachlor treatment, we see a new base
peak at +176 Da, consistent with a single propachlor adduct (Figure S12C). No
evidence of multiple adducts is observed. We further investigated immunoprecipitated
FlaRsGAPDH by digestion and shotgun proteomics, followed by an open adduct search*?.
The propachlor modification is clearly localized to C152 based on MS2 spectra (46 total
spectral counts) (Figure 5). C152 is in the NAD* binding site, and is necessary for
catalytic activity'%®. Across two biological duplicates, we find a 26+7% drop in the
unmodified C152 intensity, implying that about a quarter of GAPDH is modified. No

evidence for modification at C156 was observed.
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To understand how global stability of GAPDH is impacted by propachlor
treatment, we profiled the rest of the protein using targeted limited proteolysis®’.
Destabilized protein domains are more extended and thus more susceptible to cleavage
by a promiscuous protease, such as thermolysin or proteinase K (PK)'%. LiP involves
brief treatment of lysate to protease followed by shotgun proteomics to characterize the
yield of cleavage events3"105106 | oss of a tryptic peptide indicates a protein

conformational change in the vicinity of that peptide sequence®”.
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Figure 5: Propachlor modifies a catalytic cysteine in the active site. A) MS2
fragmentation spectrum obtained from LC-MS/MS shotgun proteomics analysis of lysate
collected from propachlor treated (1 mM, 30 min., serum-free media) HEK293T cells.
This peptide is modified at the C152 position with an adduct that corresponds to
propachlor thiocarbamate. C156 is carbamidoylated by iodoacetamide. B) PRM
chromatograms demonstrating the dependence of the adduct on propachlor treatment.

28



We selected peptides from GAPDH for LiP to assess structural changes after
propachlor treatment. We found several GAPDH peptides to be more proteolytically
sensitive to proteinase K after propachlor treatment (Figure 6 and Figure S$13),
including the active site peptides LVINGNPITIFQER, LISWYDNEFGYSNR,
VGVNGFGR. Hence, propachlor induces a more extended conformation in GAPDH,
consistent with destabilization. Destabilization of GAPDH could also affect protein-
protein interactions. One of the destabilized peptides, VPTANVSVVDLTCR, is involved
in the dimer interface of GAPDH'%8, Mutations in this peptide are associated with
conformational changes at the dimeric interface and a loss of tetrameric stability®’.
Destabilization of VPTANVSVVDLTCR in GAPDH by propachlor exposure may inhibit
the active conformation and affect binding partners. No meaningful change in proteolytic
susceptibility was observed for ISNASCTNCLAPLAK, which encompasses the
propachlor adduct site. Since this peptide can only be observed in GAPDH that has not
been directly modified by propachlor, this implies that the stability of unmodified GAPDH
is not generally perturbed by the treatment. We also attempted LiP on PARKY peptides.
Only three peptides proved suitable for LiP (Table S1), and none showed evidence of
differential proteolytic susceptibility following propachlor treatment (Figure S13B). While
this indicates that the protein as a whole is not destabilized, it does not exclude the

possibility that unprofiled regions of the protein might be affected.
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Figure 6: Propachlor destabilization of GAPDH peptides measured by limited
proteolysis (LiP). A) LiP-PRM traces illustrating the proteolytic susceptibility of two
GAPDH peptides following cellular treatment with propachlor (blue) or vehicle (orange)
as indicated. B) Characteristics of the analyzed GAPDH peptides. AAUC refers to the
decrease in the area under the curve for the proteolytic susceptibility curves. C) The
GAPDH peptides are colored according to the significance of the effect of propachlor
treatment on proteolytic susceptibility. C152 is indicated in green. The structure (PDB:
1U8F) is taken from Jenkins et al.’11%. PRM chromatograms are in Figure S16.
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Figure 7: A) Activity of GAPDH from cells treated with propachlor or vehicle. Activity
was determined from the NADH production rate in lysates, as measured by colorimetry
at 450 nm over the linear range, and normalized to total protein (g/mL) as determined
by Bradford assay. p < 0.05 by Student’s two tailed t-test, n = 3). Kinetic traces are in
Figure S14A. B) Inactivation of PARK7 determined by total anti-carboxymethyllysine
(CML) densitometry of SDS-PAGE separated lysates. HEK293T cells were treated for
30 min. with vehicle or propachlor (1 mM in serum-free media), followed by 2 h
treatment with vehicle or glyoxal (4 mM) and immediate lysis (n = 3). 2-way ANOVA
yields F = 1909 > Fcrit = 4.07, and Tukey’s HSD finds propachlor + glyoxal condition
mean differences compared to all other conditions exceeds the qcit for 0.001. C)
Relative Hsp40 affinities of GAPDH and PARK?Y following the three cellular treatments.
Error represents standard deviation. One data point for GAPDH after alachlor treatment
was removed as an outlier using Grubb’s Test (G = 2.55 > Gpgo5 = 2.11, n = 9).

Protein destabilization can lead to both gain-of-function (toxic conformations) and
loss-of-function. GAPDH activity has previously been shown to decrease in response to
methylglyoxal and copper exposures, presumably due to conjugate and oxidation
respectively®>*°, GAPDH modification can further lead to misfolding and
aggregation’'-112, We evaluated GAPDH activity in cells treated with propachlor.
GAPDH activity in lysates was measured using a colorimetric assay for NAD* reduction

in the presence of substrate. Treating HEK293T cells with 1 mM propachlor for 30
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minutes decreased GAPDH activity by 25% (Figure 7A). This decrease is consistent
with the amount of C152 adducts that we detect by mass spectrometry, but low
considering the strong negative cooperativity between the two catalytic sites on the
GAPDH tetramer''3. Our proteomic characterization of propachlor-induced aggregation
found an increase in GAPDH aggregation induced by propachlor treatment (FC in
aggregates = 4.9, g-value = 0.008; Figure S7). Similar results were obtained from
Western Blot analysis assessing the levels of GAPDH in the pellet fraction after
ultracentrifugation (Figure S15A), however there is no significant depletion of total
GAPDH (Figure S15B). From this we can conclude that although GAPDH
destabilization following propachlor treatment does lead to an increase in the
aggregated fraction, the total burden of GAPDH aggregation on the cell remains small
compared to the high levels of the soluble protein.

PARKY is a chaperone-like peptidase that can repair proteins damaged by a
series of aldehyde products, including methylglyoxal and glyoxal. PARKY7 specifically
protects GAPDH from cysteine and lysine adducts, including glycerate damage caused
by metabolic products generated by GAPDH itself''4115, PARK?7 is also significantly
destabilized after propachlor treatment and thus could be inactive. A cellular assay
designed to quantify PARKY ability to deglycate glyoxal modified proteins in HEK293T
cells has been previously established*’. We measured the ability of endogenous PARK7
to degylcate glyoxal-modified proteins after incubation with 1 mM propachlor for 30
minutes (Figure 7B and Figure S$S14B,C). In the presence of propachlor, the intensity of
proteins converted to carboxy-methyl-lysine after glyoxal treatment increased

significantly in comparison with the control experiment (DMSO vehicle treatment).
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Cellular exposure to propachlor inhibits PARK7’s ability to deglycate damaged proteins,
offering an alternative mechanism by which propachlor exposure can induce protein
misfolding beyond direct modification. We speculate that it could be beneficial to the cell
that GAPDH is inhibited in concert with PARKY, preventing accumulation of glycating
equivalents when the detoxification mechanism is also inhibited. Due to poor
reproducibility for profiling the active C106 in PARK7, we were not able to compare
whether PARK7¢1% and GAPDHC'%2 are similarly modified across the range of
chloroacetamides investigated in the reported high throughput screen®. For the three
chloroacetanilides in our present study, however, the relationship holds (Figure 7C).

In summary, we present profiles of destabilized proteomes in response to cellular
exposure to three chloroacetanilide herbicides. While some proteins are destabilized by
each treatment, the overall profiles from each herbicide exposure are unique. About
70% of targeted proteins are known to be subject to haloacetamide conjugation at
cysteine, consistent with adducts being the primary mechanism of destabilization, but
the extent of destabilization does not correlate with haloacetamides reactivity, reflecting
the distinction between conjugation and stability. Hsp40 affinity profiling is an effective
assay for determining the effect of environmental toxicants on the cellular proteome,

both distinct from and complementary to existing technologies.
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