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ABSTRACT: Covalent inhibitors of enzymes are increasingly appreciated as pharmaceutical seeds, yet discovering non-cysteine-
targeting inhibitors remains challenging. Herein, we report an intriguing experience during our activity-based proteomic screening of
1601 reactive small molecules, in which we monitored the ability of library molecules to compete with a cysteine-reactive
iodoacetamide probe. One epoxide molecule, F8, exhibited unexpected enhancement of the probe reactivity for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), a rate-limiting glycolysis enzyme. In-depth mechanistic analysis suggests that F8 forms a
covalent adduct with an aspartic acid in the active site to displace NAD+, a cofactor of the enzyme, with concomitant enhancement
of the probe reaction with the catalytic cysteine. The mechanistic underpinning permitted the identification of an optimized
aspartate-reactive GAPDH inhibitor. Our findings exemplify that activity-based proteomic screening with a cysteine-reactive probe
can be used for discovering covalent inhibitors that react with non-cysteine residues.

Small-molecule pharmaceuticals that form covalent bonds
with their targets have historically been avoided due to

misconceived concerns including off-target toxicity and
potential immune responses. However, after the recent FDA
approval of the rationally designed covalent drugs and the
appreciation of covalent mechanisms of existing drugs, there
has been increasing interest in discovering and designing
covalently reacting bioactive molecules.1−4 Covalent inhibitors
offer potential benefits over classical non-covalent counter-
parts: prolonged duration of action, improved ligand efficiency,
drug resistance evasion when the amino acids required for the
catalysis of enzymes are targeted, and high selectivity when
non-conserved amino acids are targeted.1−8 The most popular
approach to designing covalent inhibitors has been the
incorporation of an electrophilic group into a non-covalent
inhibitor.7,9−12 However, discovering brand-new covalent
inhibitors, in particular those targeting non-cysteine residues,
remains challenging.2,13,14

New covalent inhibitors can be discovered by exploiting the
chemoproteomic profiling of a chemical library of mild
electrophile molecules. Such chemical library screenings have

been performed with a purified protein,15−21 in a cell-lysate
proteome,22−26 or in a cellular phenotypic context.27−29 Small-
scale screenings were also performed primarily by Cravatt and
co-workers with reversible covalent fragments called “scout
molecules”.23,26,30−32 Herein, we report an intriguing experi-
ence during our activity-based proteomic screening of 1601
electrophilic molecules against the cell-lysate proteome, which
led to the discovery of non-cysteine-targeting inhibitors with a
cysteine-reactive probe.

■ RESULTS AND DISCUSSION

Chemoproteomic Screening of 1601 Electrophilic
Molecules. Each molecule in our collection of electrophilic
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molecules is equipped with either chloroacetyl or epoxide
groups. Chloroacetyl compounds, which react mostly with
cysteines, have extensively been used for discovering and
designing covalent probes. Epoxides, whose mild reactivity
arises from their electrophilic nature and ring strain, react with
nucleophilic amino acids, in particular cysteines, undergoing
ring-opening.33 In constructing the library, the molecular
weights of the library members were maintained over 300 in
order to increase the chances of selective interactions with
proteins. Our electrophile-molecule library contains 1601
compounds (351 epoxides and 1250 chloroacetyls) and has
previously been used for the discovery of a highly potent and
selective covalent TRPA1 agonist.34

We screened the library for compounds that covalently react
with any particular proteins in the proteome of human cells.
The workflow of the screening is shown in Figure 1A. To

speed up the screening process, five compounds from the
library were randomly combined giving a total of 379 test
pools. Proteomic lysates of HEK293 cells were pretreated with
each test pool for 60 min (chloroacetyl) or 4 h (epoxide)
followed by treatment with an iodoacetamide-based probe for
1 h (IA probe, 1 μM). The IA probe (Figure 1A) that we used
was a conjugate of TAMRA for fluorescence detection with
iodoacetamide, which is usually more reactive than epoxide
and chloroacetyl compounds and displays broad reactivity with
proteins with reactive cysteines. The samples were separated
by SDS-PAGE and visualized by in-gel fluorescence scanning.
In this context, a compound that reacts with an IA probe-

reactive protein will compete with the probe, resulting in the
loss or decrease in fluorescence labeling of the protein in the
gel profile. To reduce promiscuous, non-selective covalent
reactions, the primary screening was performed at 1−10 μM.
The screening yielded multiple test pools that decreased

selective bands in the fluorescence-scanned gels. Deconvolu-
tion of the test pool by examining the competition profile of
the individual compounds identified a set of compound-band
pairs. Proteins corresponding to the bands were purified by
avidin agarose resins after using a biotin-conjugated IA probe
instead of the fluorescent IA probe. Mass spectrometric
sequencing of the decreased bands suggested that a majority of
these compounds are likely to react with the enzymes that have
already been documented in the literature to be targeted by
reactive inhibitors, including the V-type proton ATPase
catalytic subunit A,28,35 heat shock protein 90,36 aldehyde
dehydrogenase,37 eukaryotic translation initiation factor 4A,38

and protein disulfide isomerase.39 Furthermore, during the
course of our study, Gygi and co-workers developed highly
sensitive mass spectrometry-based screening methods using
similar IA probes,24 and such screenings of fragment libraries
of chloroacetamide- or acrylamide-containing molecules
permitted the identification of compounds that selectively
react with a myriad of proteins. Given that our gel-based
protein profiling is less sensitive than the mass spectrometry-
based profiling, we decided not to pursue the same direction.
Instead, we focused on an unexpected observation that we
encountered during our gel-based screening.

Discovery of F8. Among the 379 pools tested, we noted
one test pool of epoxides that showed an unexpected pattern of
fluorescent bands on a gel: when the lysate was treated with
the test pool, a new fluorescent band appeared around 40 kDa
(Figure 1B). Such an appearance of a new band suggests that
the covalent reaction of the test pool stimulates the reactivity
of the IA probe with the protein corresponding to the bands.
Deconvolution of the test pool by examining the competition
profile of the individual compounds identified an epoxide
compound, F8, to be responsible for the observed enhance-
ment (Figure 1C). Intrigued by this unique finding, we
selected this compound for more in-depth characterization.
The molecule F8 (Figure 2A) exhibited a dose-dependent

increase in the probe labeling of the 40 kDa protein (Figure
2B). A silver-stained SDS-PAGE gel of the samples revealed a
set of two newly appeared bands and a decreased band around
40 kDa (Figure 2C). We interpreted these data to reason that
the treatment with F8 and the IA probe converted the
decreased band (blue) to the slower migrating two bands
(green and red), which may represent an F8-modified protein
and a protein doubly modified by the IA probe and F8. In fact,
when the cell lysates were treated with F8 alone, the decreased
band (blue) was converted to a single slower migrating band
(green). Addition of the IA probe to the sample further
converted the band (green) to an even slower migrating band
(red) whose electrophoretic mobility is consistent with that of
the IA probe-reacted fluorescent band in in-gel fluorescence
scanning (Figure 2C). We excised these bands for MS-based
microsequencing and found that all the bands correspond to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
GAPDH is a key glycolytic enzyme that catalyzes the
conversion of glyceraldehyde-3-phosphate (G3P) into 1, 3-
bisphosphoglycerate, with the parallel reduction of nicotina-
mide adenine dinucleotide (NAD+) to NADH. Due to its
pivotal role in glycolysis, GAPDH represents a rate-limiting

Figure 1. Chemoproteomic screening. (A) Workflow of the screening.
HEK293 cell lysates were pretreated with each test pool for 60 min
(chloroacetyl) or 4 h (epoxide) followed by treatment with an
iodoacetamide-based probe for 1 h (IA probe, 1 μM). The samples
were separated by SDS-PAGE and visualized by in-gel fluorescence
scanning. (B) Typical fluorescence scanning image of the screening
results (pools 1−15). HEK293 cell lysates were treated with either
DMSO or 50 μM of library compound pools for 4 h before the
treatment with a 1 μM IA probe for 1 h. A hit pool (pool-13) is
highlighted in red, and an extra fluorescent band is indicated by a red
arrowhead. (C) Deconvolution of pool-13. Each molecule in pool-13
was individually analyzed.
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enzyme in those cells that mostly rely on glycolysis for energy
production. In this regard, GAPDH inhibition can be a
valuable approach for the development of anticancer,40−42

immunomodulatory,43−46 antibacterial,47 Alzheimer’s dis-
ease,48 and antiparasitic drugs.49,50

In order to corroborate the protein identity, we conducted
Western blotting analysis of cell lysates treated with F8 and/or
the IA probe, using an anti-GAPDH antibody (Figure 2D).
Treatment with 10 μM F8 alone displayed a faint band slightly
upper shifted from that of GAPDH, while the IA probe alone
displayed no detectable band shift. The cell lysates treated with
both F8 and the IA probe displayed two slower migrating
bands in the Western blots, as observed on the silver-stained
gel.
For further validation, we transiently expressed FLAG-

tagged GAPDH in HEK293 cells to assess covalent adduct
formation with F8 in the presence or absence of the IA probe
by SDS-PAGE and in-gel fluorescence scanning (Figure 3). In
the presence of F8, the cell lysates containing FLAG-GAPDH
displayed an additional fluorescent band (blue) whose
molecular weight is higher than that of endogenous GAPDH
(red). Western blotting analysis of the samples with an anti-
FLAG antibody showed a slight band shift of FLAG-GAPDH
in the presence of F8, which was further pronounced by adding
the IA probe to the samples (Figure 3). These results
collectively indicate that F8 covalently reacts with GAPDH and
thereby stimulates the subsequent covalent reaction with the
IA probe.

Analysis of Underlying Mechanisms. Human GAPDH
harbors three cysteine residues (C152, C156, and C247), of
which only C152 has catalytic activity. In light of the general
trend of epoxides and IA for cysteine modification, we
expected that F8 and the IA probe would react with cysteines
on GAPDH. To deconvolute the engagement of the cysteines,
we prepared HEK293 cells transiently expressing FLAG-tagged
GAPDH or its cysteine-to-alanine mutants. Lysates of the cells
were incubated for 4 h with F8 or a vehicle control. Covalent
adduct formation was assessed by SDS-PAGE and blotting
with an anti-FLAG antibody. As shown in Figure S1, the band
of FLAG-GAPDH was slightly shifted by incubation with
increasing amounts of F8. Similar band shifts were observed in
all the cysteine mutants that we tested (C152A, C156A, and
C247A), suggesting that F8 does not covalently react with any
of these cysteines at detectable levels. To examine whether
these F8 adducts of the GAPDH mutants enhance the
subsequent reactivity with the IA probe, we added the IA
probe to the F8-treated lysates and analyzed the resulting IA
adducts by in-gel fluorescence scanning (Figure S1). The cell
lysates with FLAG-GAPDH displayed a strong fluorescent
band (blue) migrating slower than that of endogenous
GAPDH (red) on an SDS-PAGE gel. This extra band
disappeared when C152 was mutated with alanine (C152A),
while cell lysates containing each of the other two cysteine
mutants (C156A and C247A) maintained the extra band.
Overall, these results suggest that F8 covalently reacts with a
non-cysteine residue to stimulate the subsequent reaction of
Cys152 with the IA probe.
To identify nucleophilic amino acids that F8 reacts with, we

performed mutational studies in which an array of nucleophilic
amino acids in the enzyme active site were replaced by alanine.
Cell lysates of HEK293 cells transiently expressing FLAG-
tagged GAPDH or its mutants were incubated for 4 h with F8
in the presence or absence of the IA probe. As shown in Figure
3, the mutation of Asp35 to Ala abolished both the adduct
formation and the enhanced IA probe activity of F8. In
contrast, the other FLAG-GAPDH mutants maintained the F8-
induced shifts of the Western blotting bands and the
subsequent enhanced reactivity of the IA probe. These results

Figure 2. Effects of F8 on GAPDH band shifts. (A) Chemical
structure of F8 (molecule 1). (B) Dose-dependent effects of F8.
HEK293 cell lysates were treated with various concentrations of F8
for 4 h followed by a 1 h treatment with a 1 μM IA probe. The
samples were resolved by SDS-PAGE and visualized by fluorescence
scanning (upper panel) and by silver staining (lower panel). (C)
Expanded images of the silver-stained extra bands (left panel) and
fluorescent bands (right panel). Bands for unmodified, F8-modified,
and F8+IA probe-modified bands are indicated by blue, green, and
red arrowheads, respectively. (D) Western blotting analysis of
GAPDH. HEK293 cell lysates were treated with various concen-
trations of F8 for 4 h followed by a 1 h treatment with a 1 μM IA
probe.

Figure 3. Effects of F8 on GAPDH point mutants. The FLAG-tagged
wild type (WT) or mutants of GAPDH (R13A, D35A, R80A, S122A,
and N316A) were transiently expressed in HEK293 cells. The cell
lysates were treated with 50 μM F8 for 4 h followed by a 1 h
treatment with the IA probe (1 μM). The samples were resolved by
SDS-PAGE and visualized by fluorescence scanning and FLAG
Western blotting. Endogenous GAPDH and FLAG-tagged GAPDH
are indicated by red and blue arrowheads, respectively.
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suggest that F8 covalently reacts with Asp35 to stimulate the
subsequent reaction of Cys152 with the IA probe.
How the covalent reaction of F8 with Asp35 potentiates the

reactivity of the IA probe to Cys152 remains unclear. Asp35 is
located in the opposite edge of the active site of GAPDH
where its side chain forms hydrogen bonds with the ribose
hydroxy groups of NAD+, the cofactor of GAPDH. Indeed,
addition of excess amounts of NAD+ to the cell lysates reduced
the formation of F8-GAPDH adducts as evidenced by the band
shifts of endogenous GAPDH in a silver-stained gel (Figure
S2). In contrast, addition of G3P, a substrate of GAPDH, had
no detectable effects. We postulate that the covalent reaction
of F8, which is smaller than NAD+, with Asp35 may displace
NAD+ to make the active site less crowded, thereby increasing
the accessibility of Cys152 for the reaction with the IA probe.
Structure−Activity Relationship of F8 Analogues. The

molecule F8 is equipped with two epoxide groups. To examine
the importance of these two warheads in the covalent bond
formation, we set out to analyze the reactivity of three F8
analogues (molecules 2−4) with GAPDH in cell lysates
(Figure 4A,B and Figure S3). The removal of both epoxide
groups (molecule 2) completely impaired the ability of F8 to
react with GAPDH, as confirmed by band shifts. In contrast,
the molecule 3, which carries a single epoxide group, exhibited
an upper band shift of GAPDH, retaining its reactivity to
GAPDH. Approximately, twice more concentrations of the
molecule 3 were needed to achieve the reaction levels of F8,
possibly due to the 50% net concentrations of epoxide
functional groups in the molecule 3 samples (Figure S3).
Similar results were obtained for their ability to enhance the
reactivity of the IA probe to GAPDH and FLAG-GAPDH.
These results indicate that at least one epoxide group is
required for the observed covalent adduct formation and
enhanced probe reactivity with GAPDH.
During the structure−activity relationship studies of F8, we

noticed the importance of the benzene group for the reaction
with GAPDH: the removal of a benzene group from the
molecule 3 (molecule 4) abolished its reactivity to GAPDH as
confirmed by the band shift on an SDS-PAGE gel and the IA
probe reactivity (Figure 4B). We therefore introduced a suite
of drug-like functional groups to the benzene moiety with the
expectation of a higher activity to GAPDH. The resulting six
analogues of F8 (molecules 5−10) were examined for their
ability to form adducts with GAPDH with concomitant
activation of the IA probe in cell lysates. As shown in Figure
4B, three analogues (5, 8, and 10) exhibited a more potent
activity in enhancing the reactivity of the IA probe than that of
F8. A similar trend was observed for overexpressed FLAG-
GAPDH. Mutation of Asp35 to Ala in FLAG-GAPDH
completely abolished their activity to the overexpressed
GAPDH, while their activity to endogenous GAPDH remained
(Figure 4C).
To confirm the covalent adduct formation of the F8

analogues with Asp35, the upper shifted band of endogenous
GAPDH was excised from the silver-stained SDS-PAGE gels
and trypsinized for liquid chromatography−tandem MS (LC−
MS/MS) analysis. Although the samples of F8 and 10 failed to
yield MS-detectable adduct peptides, the sample of the
molecule 8, a dimethylamino derivative of F8, displayed an
MS-detectable Asp35-adduct peptide (amino acids 28−55;
Figure 5), presumably due to the enhanced ionization of its
dimethylamino group. No other 8 adducts were detected,

indicating that the molecule 8 covalently reacted selectively
with Asp35.
To gain insights into the selectivity of the F8 analogues, we

compared the competition profiling of molecules F8, 5, 8, 10,
and 2 (Figure S4). In the lane of F8, several protein bands are
missing compared with the control lane, indicating that F8
reacts with proteins other than GAPDH (indicated by blue
arrowheads). These bands were partially restored in the lanes
of 5 and 10. Although the identities of the bands remain
unknown, the results suggest that molecules 5 and 10 may be
more selective than F8.
Encouraged by the cell-lysate results, we next sought to

characterize the cellular engagement of the F8 analogues

Figure 4. F8 analogues and their ability to form covalent adducts with
GAPDH. (A) Chemical structures of F8 analogues 2−10. (B)
Modification of FLAG-tagged GAPDH (wild-type). Lysates of
HEK293 cells expressing FLAG-tagged GAPDH (wild-type) were
treated with 50 μM F8 or its analogues for 4 h followed by a 1 h
treatment with a 1 μM IA probe. The samples were resolved by SDS-
PAGE and visualized by fluorescence scanning (upper panel) or
Western blotting with a FLAG antibody (lower panel). Positions of
endogenous GAPDH and FLAG-tagged GAPDH are indicated by red
and blue arrowheads, respectively. (C) Effects on the FLAG-tagged
GAPDH D35A mutant. The experiments were performed as in (B).
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(Figure S5). As observed in cell lysates, the IA probe alone
displayed little reactivity to GAPDH in live cells. Although F8
potentiated the probe reaction with GAPDH, its ability to do
so in cells was less than that in cell lysates. Among the three F8
analogues, the molecule 10 showed the most potent ability to
enhance the probe reactivity in cells, while the molecule 2,
which lacks epoxide groups, displayed no detectable enhance-
ment.
Molecule 10 as a Covalent GAPDH Inhibitor. We next

assessed the impacts of F8 analogues on the enzymatic activity
of GAPDH. Our initial expectation was that they would
potentiate GAPDH enzyme activity through activation of the
catalytic cysteine Cys152. However, later studies, as shown
earlier, indicated that they form covalent adducts with Asp35,
which directly contacts NAD+, suggesting that these F8
analogues inhibit the enzymatic activity of GAPDH by
competing with the cofactor. In fact, F8, 8, and 10 displayed
a concentration-dependent inactivation of GAPDH in cell
lysates, while the molecule 2, which lacks epoxide groups,
displayed no detectable inhibition (Figure 6A). The same
samples were also analyzed by silver-stained SDS-PAGE
(Figure 6B). The extents of band shifts were paralleled with
the enzyme inhibition. For example, a 50 μM molecule 10
displayed an almost complete shift of the GAPDH band.
We compared the GAPDH inhibitory activity of the F8

analogues with that of koningic acid, a known GAPDH
inhibitor containing an epoxide group, and found that the
ability of koningic acid to inhibit the enzymatic activity of
GAPDH was approximately 1000 times more potent (IC50 =
60.4 nM) than those of the F8 analogues (Figure S6A).
However, koningic acid failed to enhance the reactivity of the
IA probe, suggesting that the mode of action is distinct (Figure
S6B).
We next assessed the cellular activity of the F8 analogues.

Cell viability assays and lactate production assays in HEK293

cells showed IC50 values of F8, 2, 8, and 10 consistent with
those of cell-lysate GAPDH inhibition (Figures S7 and S8). In
both cellular assays, the molecule 10 displayed the most potent
activity in line with its highest enhancement of the probe
reactivity in cells (Figure S5).
An interesting property of F8 and its analogues is that, when

purified GAPDH is used for similar biochemical experiments,
they exhibit no enhancement of the IA probe reaction (Figure
S9). This property hampered the in-depth biochemical analysis
of the activity of F8 and its analogues with purified GAPDH.
Perhaps, the status of GAPDH and its active site in cell lysates
or live cells may be distinct from those in the purified enzyme,
underscoring the importance of cell-lysate- or cell-based
screening in discovering small-molecule GAPDH modulators.

Figure 5. LC−MS/MS spectrum of a molecule 8-modified GAPDH peptide (amino acids 28−55). The sequence and detected fragments of the
peptide are shown. HEK293 cell lysates were treated with 50 μM 8 for 24 h and separated by SDS-PAGE. The shifted GAPDH band was excised
and digested in-gel by trypsin for subsequent LC−MS/MS analysis. Sequence-matched peaks are highlighted in red and yellow.

Figure 6. Inhibition of GAPDH enzymatic activity by F8 analogues.
(A) HEK293 cell lysates were treated with 0, 3.125, 6.25, 12.5, 25, 50,
and 100 μM F8, 2, 8, and 10 for 24 h before measurement of GAPDH
activity as described in the Supporting Information. Calculated IC50
values are shown in the right panel. (B) Adduct status of GAPDH.
The same enzyme assay samples were analyzed by SDS-PAGE and
silver staining. N.D.: not determined.
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■ CONCLUSIONS
A number of synthetic or naturally occurring epoxide-
containing GAPDH inhibitors have been reported;51 however,
all of them have been proposed to react with the catalytic
cysteine. Our activity-based proteomic screening of 1601
reactive small molecules led to the discovery of a new class of
epoxide-containing GAPDH inhibitors that covalently react
with an aspartate residue. Since the GAPDH inhibitory
activities of our molecules remain modest, further structural
optimization is needed to generate specific Asp-targeting
GAPDH inhibitors.
Reactivity enhancement of an activity-based probe has

recently been observed for the discovery of non-covalent
activators of LYPLAL1, a metabolism-linked serine hydrolase.
This compound in fact increased LYPLAL1 enzymatic activity
in cells, suggesting that activity-based protein profiling aids in
the discovery of enzyme activators.52 Our experience described
in the present study implies an additional utility of such probe
activity enhancement as a guide: discovery of enzyme
inhibitors that covalently react with non-catalytic residues.
Close inspection of our screening data revealed a number of
enhanced bands in the competition profiles of screening pools
(examples are shown in Figure S10), indicating that enhance-
ment of the probe reactivity occurs more frequently than what
we imagined. Our case study on GAPDH exemplifies that
activity-based proteomic screening with a cysteine-reactive
probe can be used for discovering covalent inhibitors that react
with non-cysteine residues.

■ METHODS
Chemical Library Screening. The reactive chemical library that

we used for the screening is a collection of the compounds purchased
from the following sources: AMRI Hungary, ASINEX, AnalytiCon
Discovery, BIONET, Butt Park, Labotest, Life Chemicals, Peakdale,
Princeton, MDD, OTAVA, Pharmeks, Enamine, Scientific Exchange,
TOSLab, Vitas M, and TimTec. HEK293 cells were grown in a 100
mm dish until it reached a 90% confluency. The cells were collected
into a 50 mL tube by scraping, washed twice with 1× PBS, and lysed
in PBS by sonication. After centrifugation (15,000 rpm, 20 min, and 4
°C), an aliquot of the soluble fraction was dispensed onto a 96-well
plate. Each well of the plate was treated with a chemical library pool
(5 compounds/pool) that was added. The final concentrations of the
compounds were 1 or 10 μM. After gentle shaking for 1
(chloroacetyl) or 4 h (epoxide) at 25 °C, the IA probe (1%
DMSO) was added (1 μM) and incubated for 1 h at 25 °C. The
reaction was stopped by adding 6× SDS-PAGE loading buffer
(Nacalai Tesque). The proteins were resolved on 7.5 and 15% SDS-
PAGE acrylamide gels (Super Sep Ace, Fujifilm), and their
fluorescence images were obtained using a Typhoon FLA 9000 (GE
Healthcare).
LC−MS/MS Analysis of GAPDH. HEK293 cell lysates were

treated with 50 μM of each compound for 24 h at 25 °C. After
incubation, samples were mixed with 6× SDS-PAGE loading buffer
(Nacalai), resolved on a 12% SDS-PAGE gel, and visualized by silver
staining (Silver Stain MS kit, Wako). The shifted GAPDH bands were
excised and digested in-gel by trypsin. The peptide mixtures were then
fractionated by C18 reverse-phase chromatography (3 μm, ID 0.075
mm × 150 mm, CERI). The peptides were eluted at a flow rate of 300
nL/min with a linear gradient of 0 to 90% with solvent B. The
compositions of solvents A and B were 0.1% formic acid in water and
100% acetonitrile, respectively. The molecular masses of the resulting
peptides were searched against the human amino acid sequence
dataset (UniProt human proteome 20201007) using MASCOT
version 2.6 (Matrix Science). Carbamidomethylation of cysteine was
set as a fixed modification, and oxidation of methionine and
acetylation of protein N-termini were included as variable

modifications. Identified proteins were analyzed by Scaffold. We
searched for peptides modified by F8 (+366.1216 Da), 8 (+395.1481
Da), and 10 (+396.1321 Da) on Cys, Asp, Ser, Asn, and Arg as well as
oxidized Met (+15.9949 Da) and acetylation of N-termini (+42.0114
Da) as variable modifications.

See the Supporting Information for experimental details.
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