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We report a new cysteine chemoproteomic method, termed SP3-FAIMS chemoproteomics, which enables
rapid and high coverage analysis of the human cysteinome. By combining enhanced cysteine biotinylation
with SP3 sample decontamination and FAIMS online fraction, we identified in aggregate 34,225 unique
cysteines found on 7,243 proteins. Showcasing the versatility of our method, integration with the
isoTOP-ABPP workflow enabled the high throughput discovery of cysteines labelled by electrophilic
compounds.
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chemoproteomics has been successfully applied to the assay a
wide range of nucleophilic amino acid side chains, including
serine,[2–4] lysine,[5] tyrosine,[6] methionine,[7] glutamate and
aspartate,[8–10] the thiol side chain of reduced cysteine
residues[11,12] has emerged as a favoured residue for such studies.
Cysteine's prominence in chemoproteomic studies can be
rationalized by both the unique chemistry of the cysteine thiol and
the recent resurgence of cysteine-reactive compounds as useful
chemical probes and blockbuster drugs.[12] Distinguished by its
nucleophilicity, sensitivity to oxidative stress, propensity to
coordinate metals, many post-translational modifications, and
ability to form disulfides, cysteine residues play key roles in the
structure and function of most human proteins.[13] The utility and
translational potential of cysteine-reactive chemical probes is
showcased by the recent clinical success of covalent kinase
inhibitors (e.g. afatinib and ibrutinib) [14,15] and the multiple
sclerosis drug Tecfidera[16] together with the recent promising
clinical trial results for Gly12Cys KRAS inhibitors.[17–19] Bolstered
by these therapeutic success stories, a central challenge for
chemoproteomics is to ascertain the fraction of the human
cysteinome that is amenable to such pharmacological
manipulation.
Prior studies applied the chemoproteomic method isotopic
tandem orthogonal proteolysis activity-based protein profiling
(isoTOP-ABPP) to identify cysteines that are hyperreactive (pKa
perturbed),[11,20] ligandable (potentially 'druggable'),[12,21] and/or
redox-sensitive.[22] Our isoTOP-ABPP screen of a 50+ member
cysteine-reactive compound library against human cancer cell
proteomes revealed >700 cysteine-ligand interactions among
>6000 cysteines identified in aggregate across two cell lines.
Despite their seeming breadth, these experiments only sampled

Abstract: Chemoproteomics has enabled the rapid and proteomewide discovery of functional, redox-sensitive, and ligandable cysteine
residues. However, despite widespread adoption and considerable
advances in both sample preparation workflows and MS
instrumentation, chemoproteomics experiments still typically only
identify a small fraction of all cysteines encoded by the human
genome. Here, we develop an optimized sample preparation workflow
that combines enhanced peptide labeling with single-pot, solid phaseenhanced sample-preparation (SP3) to improve the recovery of
biotinylated peptides, including from small sample sizes. By
combining this improved workflow with online high-field asymmetric
waveform ion mobility spectrometry (FAIMS) separation of labelled
peptides, we achieve unprecedented coverage of >14,000 unique
cysteines in a single shot 70 min experiment. Showcasing the wide
utility of the SP3-FAIMS chemoproteomic method, we find that it is
also compatible with competitive small molecule screening by isotopic
tandem orthogonal activity-based protein profiling (isoTOP-ABPP). In
aggregate our analysis of 18 samples from 7 cell lines identified
34,225 total unique cysteines using only 20 h of instrument time. The
comprehensive spectral library and improved coverage provided by
the SP3-FAIMS chemoproteomic method will provide the technical
foundation for future studies aimed at deciphering the functions and
druggability of the human cysteineome.

Introduction
The rapid and quantitative identification of functional and
potentially druggable amino acids is a central goal of mass
spectrometry-based
chemoproteomics.[1]
While
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a small fraction of the human cysteinome. The human genome
encodes 261,865 cysteines, and nearly all human proteins
contain at least one cysteine (average 13 cysteines/protein).[23]
Reasons for this coverage gap include protein abundance,
restricted protein expression profiles, cysteines that are buried or
are found in structural disulfides, and cysteines found in very long
or short tryptic peptides. The true scope of human cysteines that
can be assayed by chemoproteomics is unknown.
In nearly all cysteine chemoproteomic workflows, proteins
are decorated with the pan-cysteine probe iodoacetamide alkyne
(IAA) followed by copper-catalyzed azide-alkyne cycloaddition
(CuAAC) conjugation to azido-biotin (or azido-desthiobiotin)
capture reagents.[11,24] Biotinylated proteins are then enriched on
avidin resin, subjected to proteolytic digest, typically with trypsin,
and the labeled peptides are released from the resin and analysed
by LC-MS/MS. Treatment-dependent changes in IAA-labeling for example blockade of IAA-labeling by pre-treatment with
another electrophilic compound - are then quantified, either on the
MS1 or MS2 level, depending on isotopic label incorporation
strategy.[12,25] While still not widely adopted, studies using
electrophile alternatives to iodoacetamide alkyne, such as aryl
sulfones, have hinted at the presence of cysteines refractory to
IAA-labelling.[26] However, the fraction of cysteines labelled by IAA
is unknown. Additionally, while CuAAC is the biorthogonal
reaction of choice for chemoproteomics, our recent study
revealed incomplete biotinylation as a potential confounder to
achieving high coverage of labelled peptides.[27]
An ideal chemoproteomics experiment would identify
nearly all cysteine-containing peptides with minimal hours of
instrument time. Achieving this ideal will require near complete
biotinylation of all cysteines, efficient enrichment and release from
avidin resin, an optimized liquid chromatography gradient
together with fractionation (online- or off-line). Two key recent
technical innovations should enable such comprehensive
chemoproteomic coverage. First, our recent work[27] revealed that,
when applied to chemoproteomics, the single-pot, solid phaseenhanced sample-preparation (SP3) protein extraction
technique[28–30] enabled the rapid removal of contaminants,
including biotin reagents. We found that SP3 compares favorably
to CHCl3/MeOH cleanup, both by improving coverage of labeled
peptides and by reducing the amount of protein material required
for chemoproteomic studies. Second, the emergence of high-field
asymmetric waveform ion mobility spectrometry (FAIMS) devices,
which applies a fast internal compensation voltage (CV) stepping
to achieve online separation of peptides.[31] FAIMS has doubled
the number of precursor ions identified during MS/MS analysis of
whole-cell tryptic digests.[32–34] Whether FAIMS can improve the
coverage of cysteine chemoproteomics experiments has not been
demonstrated.

Here we report the SP3-FAIMS chemoproteomic platform
that combines improved peptide biotinylation (>90% for all
cysteine containing peptides) with SP3 sample cleanup and
FAIMS on-line separation on an Orbitrap Eclipse Tribrid mass
spectrometer to achieve rapid and high coverage
chemoproteomic profiling of the human cysteinome. Application
of the SP3-FAIMS chemoproteomic method to analysis of a panel
of tumor cell lines, including those subjected to proteolytic digest
by orthogonal proteases as well as to off-line fractionation,
identified 34,225 cysteines in aggregate. We find that SP3-FAIMS
is also compatible with a modified isoTOP-ABPP workflow, which
enabled high-throughput identification of ligandable cysteines.
SP3-FAIMS chemoproteomics sets the stage for a global
understanding of the functions and druggability of the
cysteineome.

Results
Efficiency of cysteine labeling by iodoacetamide alkyne (IAA,
1) and biotinylation by copper-catalyzed azide-alkyne
cycloaddition (CuAAC) with biotin-azide 3.
The cysteine reactive probe iodoacetamide alkyne (IAA, 1) is
typically assumed to be pan-cysteine-reactive, as shown by
proteomic studies that use iodoacetamide (IA, 2) as a cysteinealkylation agent to prevent unwanted oxidation during sample
preparation.[35] Therefore, our first step was to assess the fraction
of cysteines labeled by IAA, including at concentrations employed
by prior studies and at higher concentrations. We subjected
denatured (urea) HEK293T cell lysates to labeling by a range of
concentrations of IAA followed by treatment with 1,4-dithiothreitol
(DTT; 10 mM) to reduce oxidized cysteines and IA (20 mM) to cap
all remaining cysteines (Figure 1A, top workflow). After
proteolytic digest and LC-MS/MS, calculation of the labeling
efficiency (defined as [IAA-labeled cys]/[total cys identified])
revealed near-complete (>95%) cysteine-labeling using 2 mM IAA
(Figure 1B), which indicates that the 20-40 mM IA used to cap
cysteines may prove excessive for most applications.
Unexpectedly, we observed only a modest increase in cysteinelabeling when samples were subjected to DTT reduction prior to
IAA treatment (Figure S1), suggestive of DTT-reduction occurring
more rapidly than DTT-quenching of residual IAA. These data
point to an absolute requirement for complete removal of
cysteine-capping reagents in protocols aimed at identifying
cysteines sensitive to oxidative stress (e.g. biotin-switch and
OxiCat).[36,37]
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Figure 1. Proteomic analysis of cysteine-labelling efficiency. (A) Workflow employed to assess IAA-labelling (top) and CuAAC-biotinylation (bottom) of cysteines.
(B) Percentage of cysteines labelled by 1 or 2, when denatured and DTT-reduced HEK239T lysates were treated with either 0.1, 0.2, 2, or 20 mM 1 followed by 20
mM 2. Experiments are performed in duplicates. (C) Cysteine biotinylation rate for cell lysates treated with 2 mM 1 followed by CuAAC-conjugation to either 2 mM
or 4 mM 3. Experiments were performed with 6 replicates for 2 mM 3 and 4 replicates for 4 mM 3. (D) Comparison of cysteine biotinylation rate for cell lysates
treated with 2 mM 1 and 4 mM 3, as in 'C,' to 100 uM 1 and 100 uM 3, conditions that model those employed by prior studies[12]. Experiments were performed in
duplicate. For (C) and (D), statistical significance was calculated with unpaired Student’s t-tests, *P < 0.05, **P < 0.005. All data can be found in Table S1.

With optimized IAA cysteine-capping conditions in hand, we
next assessed the efficiency of peptide biotinylation when IAAlabeled proteins were subjected to CuAAC reaction with biotinazide 3. We anticipated that equimolar concentrations of azideand alkyne-partners should be sufficient to achieve near complete
biotinylation, given the high efficiency of the CuAAC reaction.[38–
41]
Therefore, we first subjected HEK293T lysates labeled with 2
mM IAA to CuAAC conjugation to 2 mM biotin-azide. Tryptic
digest and LC-MS/MS analysis revealed highly variable labeling
efficiency. In some samples near-complete peptide biotinylation
was observed whereas in biological replicates the biotinylation
efficiency was substantially reduced (Figure 1C). Doubling the
concentration of biotin-azide to 4 mM both increased the overall
biotinylation efficiency (to on average 83.4% of all cysteinecontaining peptides) and decreased the variability observed
between samples (Figure 1C). We benchmarked our observed
biotinylation efficiency against that obtained using concentrations
of IAA and biotin-azide reflective of reagent concentrations
employed by prior chemoproteomic studies [12]. With 100 µM AA
and 100 µM biotin-azide, only 32.0% biotinylation was observed
(Figure 1D), indicating that incomplete biotinylation may limit the
peptide obtained using established sample preparation conditions.

Our recent study revealed that solid phase-enhanced samplepreparation (SP3), a method that uses carboxyl coated magnetic
beads to separate proteins and peptides from contaminates, can
increase the recovery of biotinylated peptides when lower
concentrations of IAA and biotin-azide were used for labeling (200
µM and 400 µM, respectively).[27] Therefore, we sought to
determine whether this improved recovery would extend to
samples treated with our optimized labeling conditions (2 mM IAA
and 4 mM biotin-azide). Our first step was to optimize two key
parameters for SP3 cleanup, (1) the ratio of protein material to
magnetic beads and (2) elution conditions to maximize recovery
of peptides after cleanup. Following the workflow shown in Figure
2A, biotinylated samples were subjected to SP3 sample cleanup,
on-bead tryptic digest, followed by mild, aqueous elution of the
digested peptides from the resin. By varying the ratio of
biotinylated protein input to resin (defined as mg protein to mg
bead), we observed a modest decrease in recovery of tryptic
peptides as the protein:resin ratio was increased, from 1:50 to
1:10 (Figure S2A). To minimize resin usage, we concluded that
the 1:10 ratio was sufficient for our labeling studies. Next, we
compared a panel of elution conditions, which revealed that 100
μL 2% DMSO in water, repeated twice, can afford a peptide
recovery rate as high as 59% (Figure S2B).

Solid phase-enhanced sample-preparation (SP3) for cysteine
chemoproteomic sample cleanup
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Figure 2. Cysteine enrichment with single-pot, solid-phase-enhanced sample preparation (SP3). (A) The schematic workflow of cysteine enrichment with SP3. (B)
Total number of unique proteins and cysteines identified with SP3 or MeOH/CHCl3 protein clean-up for samples treated with 2 mM IAA and 4 mM biotin-azide. (C)
Comparison of unique proteins and cysteine peptides identified with MeOH/CHCl3 protein precipitation treated with 0.1 or 4 mM 3. For (B) and (C), statistical
significance was calculated with unpaired Student’s t-tests, *P < 0.05, **P < 0.005, ***P < 0.001. All experiments were performed in duplicate. All data can be found
in Table S2.

A key advantage of the SP3 method is compatibility with
small amounts of input proteome (e.g. 100 ng material[28,30,42,43]),
which reduces the requirement for relatively large protein inputs
that are typical in chemoproteomics experiments. Therefore, our
next step was to assess the minimal amount of starting material
needed for cysteine chemoproteomics, using our optimized SP3
cleanup workflow. After SP3 cleanup and tryptic digest, peptide
recovery was quantified. Peptide input for NeutrAvidin capture
was then varied from 50 µg to 150 µg (concentrations selected as
representative of typical peptide recovery after SP3 cleanup), and
captured peptides were then analyzed by LC-MS/MS. Strikingly,
as little as 50 µg afforded high coverage of biotinylated peptides
(>11,000 unique cysteine-containing peptides; Figure S3). These
data, together with the efficient recovery of peptides after SP3
cleanup, indicate that 200 µg of IAA-labeled proteome is sufficient
to achieve high coverage of cysteine-containing peptides.
As excess residual biotin reagents can compete for binding
to NeutrAvidin resin and, consequently, decrease recovery of
labeled peptides, most prior chemoproteomic studies remove
biotin-reagents and other contaminates, using standard protein
precipitation methods, most typically by chloroform/methanol
(CHCl3/MeOH) precipitation. To benchmark our SP3 cleanup
against established workflows, we compared the recovery of
biotinylated peptides using our SP3 workflow with that obtained
using a standard CHCl3/MeOH precipitation and enrichment and
digest workflow (using 1.5 mg of IAA-labeled proteome as input,
as is typical in most chemoproteomics studies). The SP3 sample
preparation afforded robust coverage of biotinylated peptides
(15,642 unique cysteine-containing peptides on average; Figure
2B). In contrast, only 1,183 biotinylated peptides were detected
on average in the CHCl3/MeOH samples. We suspected that this
poor coverage of biotinylated peptides was likely due to the
relatively high concentration of biotin-azide (4 mM) in our samples
and the resulting incomplete biotin removal during the
CHCl3/MeOH precipitation. Preparation of samples using 100 µM
IAA and 100 µM biotin-azide and CHCl3/MeOH precipitation

afforded increased cysteine identification, supporting our biotincontamination hypothesis. However, these lower reagent
concentrations did still identify fewer cysteines and proteins, when
compared to our optimized SP3 conditions that employ higher
concentrations of labeling reagents (Figure 2C).
High-field asymmetric waveform ion mobility spectrometry
(FAIMS) for cysteine chemoproteomics
Recent studies have revealed enhanced coverage of tryptic
peptides when a high-field asymmetric waveform ion mobility
spectrometry (FAIMS) device is used to apply internal
compensation voltages (CVs) during electrospray ionization (ESI),
producing multiple gas-phase fractions of peptide ions in a singleshot MS experiment.[32,33] As FAIMS has, to our knowledge not
been extensively evaluated for chemoproteomic applications, we
next sought to determine whether improved coverage of cysteine
peptides could be achieved using a FAIMS device coupled to an
Orbitrap Eclipse™ Tribrid™ mass spectrometer. We first
characterized how CV-choice impacts peptide detection. We
assessed the overlap between peptides identified across six CVs
(-35 -40 -50 -55 -60 -70; Figure 3A). Consistent with prior studies,
the correlation between peptides identified mirrored relatedness
of CVs. The -35 CV yielded the greatest number of peptidespectrum matches (PSMs), while the -70 CV identified the fewest
PSMs (Figure S4). To further understand how CV impacts
detection of biotinylated peptides, we stratified each CV bind
based on precursor ion charge state, peptide length and the
percentage of total peptides sequenced that are biotin-modified.
Increasing CV afforded a slight decrease in the average of
precursor ion charge and increase in the peptide length (Figure
3B,C). In samples subjected to less negative CVs, a greater
fraction of the total peptides identified were found to be cysteinecontaining biotinylated peptides (Figure 3D), consistent with lessnegative CVs as more favorable for identification of peptides
featuring bulky modifications. As peptide coverage has been
shown to vary, depending on the number of CV applied,[32] we
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next compared the numbers of biotinylated PSMs for 1CV (-35),
2CVs (-35 and -45) and 3CVs (-35, -45, and -55). Consistent with
prior reports, 3 CVs afforded a >2-fold increase in coverage
compared with 1 CV (Figure 3E). Comparison of three difference

CV combinations revealed that both -30 -40 -50 and -35 -45 -55
outperformed -35 -50 -60, based on total biotinylated peptide
PSMs (Figure 3F).

Figure 3. Characterization of different FAIMS CV settings for cysteine enrichment. (A) Similarity comparison of cysteine peptides identified with 6 different CVs.
Distributions of (B) Precursor charge states, (C) Peptide length, and (D) Cysteine biotinylation rate across CV settings from −35 to −70 V. (E) PSMs identified with
different numbers of CVs, 1CV (-35), 2CVs (-35 and -45) and 3CVs (-35, -45, and -55). (F) PSMs identified with different 3-CV settings. All experiments were
performed in duplicate. All data can be found in Table S3.

Liquid chromatography (LC) and mass analyzer choice for
cysteine chemoproteomics
Alongside our optimization of FAIMS usage for
chemoproteomics, we also assessed how LC parameters,
including gradient length and steepness as well as column
internal diameter, impact coverage of cysteine-containing
peptides. Comparison of shallower and steeper gradients
revealed that a 10% increase in acetonitrile in the organic phase
nearly doubles the number of cysteine containing PSMs identified
(Figure S5A), which highlights the importance of chromatography
optimization when working with derivatized peptides. In contrast
with the large increase in PSMs observed with an optimized

gradient, increasing the length of the gradient from 70 min to 140
min afforded only a modest <10% increase in PSM coverage
(Figure S5B). As smaller column internal diameter has been
shown to increase peptide coverage,[44,45] we also compared C18
columns with two different internal diameters (Figure S6), which
revealed that the 100 μm ID modestly outperformed the 70 μm ID
column. As the Eclipse is equipped with both a linear ion trap and
an orbitrap, we were also curious to determine whether collecting
MS2 scans with the linear ion trap, distinguished by its high scan
rate, could further enhance our coverage. For identification of
cysteine-containing peptides, the orbitrap and linear ion trap
performed comparably (Figure S7).
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Figure 4. SP3 based cysteine profiles of different cell lines, with different proteases and fractionations. (A) Total number of unique cysteines and cysteine proteins
identified with SP3 in MOLT-4, HEC-1-B, HEK293T, H2122, HCT-15, Jurkat and H661 cell lines. (B) Similarity comparison of cysteines identified in different cell
lines. (C) Venn diagram of unique cysteines identified with different proteases (trypsin, lysC and chymotrypsin) in HEK293T cells. (D) Venn diagram of unique
cysteines identified with soluble and membrane fractions of HEK293T cells. All experiments were performed in duplicate. All data can be found in Table S4.

SP3-FAIMS chemoproteomic analysis of a panel of cell lines,
protease digests, and subcellular fractions
With an optimized FAIMS-SP3 chemoproteomics workflow in
hand, our next step was to assess the scope of cysteines
identifiable by this method. To increase coverage of labeled
cysteines, we opted to pursue three parallel strategies (1) analysis
of proteomes derived from multiple cell lines to capture cysteines,
(2) proteolytic digest using alternative proteases, and (3)
subcellular fractionation to enrich for cysteines found in low
abundance proteins or hard-to-detect peptides.
As tightly orchestrated gene expression is a key mechanism
governing cellular differentiation and development, and aberrant
expression a driver of many human diseases, the identification of
ligandable proteins with restricted expression profiles is an
important step for the production of precision therapies. We
identified seven cell lines derived from a diverse range of tissue
types, including embryonic kidney (HEK293T), lymphoblastic
leukemia (Molt-4 and Jurkat), colorectal adenocarcinoma (HCT15), endometrial carcinoma (HEC-1-B), and non-small cell lung
carcinoma (H661 and H2122). Proteomes from each cell line were
subjected to SP3-FAIMS chemoproteomic analysis in biological
duplicate and >11,000 cysteines were identified on average for all
cell lines profiled (Figure 4A). Similarity analysis (Figure 4B)

revealed generally high >70% overlap between the cysteine
proteomes identified for each cell line. By restricting our analysis
to those cysteines identified in both replicates of an individual cell
line, we also assembled a curated dataset of cysteines that are
likely found in proteins with more restricted expression profiles
(Table S4). In aggregate, 1,926 cysteines were only identified in
a single cell line, with HEK293T cell line harboring the most
unique cysteines (Figure S8).
Given the relatively small number cell-line specific cysteines
identified, relative to the large dataset size (28,479 unique
cysteines and 6,670 proteins in aggregate across all seven cell
lines), we next evaluated whether proteolytic digest using
alternative sequence specific proteases would further improve the
coverage of cysteines detected by SP3-FAIMS chemoprotoemics.
Biotinylated HEK293T proteome was subjected to digest in
duplicate with trypsin, lysC, or chymotrypsin, and the labeled
cysteines identified by LC-MS/MS (Figure 4C). In aggregate, a
total of 24,456 cysteines found on 5,957 proteins were identified,
which compares favorably to the 18,585 cysteines and 5,288
proteins identified for trypsin digest alone. Strikingly, 14,941
cysteines were only identified by digest using one of the three
proteases, supporting the utility of multiple proteases for
increasing coverage of cysteine chemoproteomic experiments.
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Subcellular fractionation enables enrichment of proteomes
derived from specific cellular compartments (e.g. nucleus,[46,47]
cytoplasm,[48]
cellular
membranes,[49–52]
endoplasmic
reticulum[53,54] or mitochondria[20,55–57]), including for cysteine
chemoproteomic applications. Therefore, we next evaluated
whether fractionation would increase the coverage of cysteines
identified by SP3-FAIMS chemoproteomics. In biological
duplicate, HEK293T cellular proteomes were fractionated by
ultracentrifugation into membrane and soluble fractions and the
resulting fractions subjected to SP3-FAIMS chemoproteomic
analysis. Of the 19,303 unique cysteines identified, 11,478 (60%)
were only found in one fraction (Figure 4D). When compared to
the cysteines identified from chemoproteomic analysis of whole
cell lysates (Figure S9), the membrane and soluble fractions in

aggregate only afforded a modest increase in cysteine coverage
(718 additional cysteines out of 23,070 total cysteines identified),
indicating that relatively crude membrane/soluble fractionation
and the resulting increased data collection time is likely
superfluous for achieving high coverage for most cysteine
chemoproteomic studies.
Collectively, by assaying multiple cell lines, proteolytic
digests, and subcellular fractions, we were able to increase our
cysteine coverage ~2-fold, from 18,585 cysteines found on 5,288
proteins identified in two replicates of HEK293T datasets to
34,225 unique cysteines and 7,243 proteins in aggregate across
all experiments. This dataset represents a 5.5-fold increase in
cysteine coverage, when benchmarked against our prior study
(Figure 5A)[12].

Figure 5. (A) Cysteines and (B) cysteine proteins identified experimentally in Backus et al.[12], in current study, those theoretically detectable based on in silico
trypsin digestion, and all found in Uniprot/Swiss-Prot sequences. All data can be found in Table S5.

Theoretical limit of detectable cysteines identified by in silico
digestion.
We postulated that some cysteines are likely located in
peptide sequences not easily detected by tryptic digest, for
example very short (<7) or very long (>49 AAs). Therefore, our
next step was to determine the fraction of cysteines in the human
proteome that should be detectable in a standard tryptic digest.
We performed an in silico trypsin digest of the Uniprot/Swiss-Prot
subset of the human proteome, a manually curated set of high
quality protein sequences (19,776 protein sequences and
261,865 cysteines in total), which revealed that 204,707 total
cysteines (78.2% of all cysteines found in Uniprot/Swiss-Prot
protein sequences) are located in theoretically detectable tryptic
peptides. In aggregate, our FAIMS-SP3 chemoproteomic method
identified 16.7 % of the theoretically detectable cysteines and
13.1% of all cysteines found in Uniprot/Swiss-Prot. This coverage
compares favorably to our prior study, which only identified 3.0%
and 2.4% of cysteines, respectively (Figure 5A). Our FAIMS-SP3
chemoproteomic method identified at least one unique peptide for

37.7% of all theoretically detectable proteins and 36.6% of all
Uniprot/Swiss-Prot sequences. For comparison, our prior study
identified only 15.0% and 14.6% of proteins, respectively (Figure
5B).
As the fraction of all proteins identified was substantially
higher than that observed for cysteine residue detection, we
speculated that we likely were only detecting a fraction of the
cysteines found in most proteins. We assessed the distribution of
both the number of cysteines identified per protein (Figure S10A)
and the percentage of total cysteines identified per protein
(Figure S10B). An average of 4.3 cysteines per protein and
53.0% of all cysteines per protein were identified. The cysteine
content of proteins varied widely with more than 25 cysteines
identified for 38 proteins and only one cysteine for 1,679 proteins.
Gratifyingly, for >1,000 proteins, 100% cysteine coverage was
achieved, supporting the feasibility of achieving near global
coverage of all cysteines.
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Figure 6. Chemoproteomic analysis of legandable cysteines with SP3. (A) The schematic workflow of competitive isoTOP-ABPP with SP3. (B) Comparison of
ligandable cysteines and total cysteines identified with isoTOP-ABPP treated with compound 4 in Backus et al.[12] and current study. Experiments were performed
in 4 replicates. All data can be found in Table S6.

Identification of ligandable cysteines using SP3-FAIMS
chemoproteomics
Competitive chemoproteomic profiling methods represent a
useful approach to discover cysteines amenable to labeling by
electrophilic drug-like molecules. These cysteines, often termed
ligandable cysteines, are attractive residues to target for chemical
probe and drug development campaigns. To enable high
throughput identification of ligandable cysteines, we next modified
the isoTOP-ABPP platform, which employs isotopically labeled
'light' and 'heavy' TEV-cleavable biotinylated capture reagents, by
reducing the sample size, replacing the CHCl3/MeOH
precipitation with SP3 cleanup, and by conducting peptide- rather
than protein-enrichment on streptavidin resin (Figure 6A).
Jurkat cell lysates were first labeled with the
bis(trifluoromethyl)aniline chloroacetamide 4, a broadly reactive
electrophilic fragment that has been recently applied as a 'scout'
compound for rapid mapping of cysteine ligandability.[58]
Unmodified cysteines in vehicle (DMSO) and compound-treated
proteomes were then alkylated with IAA 1, the samples
conjugated by CuAAC to isotopically differentiated TEV-cleavable
peptide capture reagents, and the light- and heavy-labeled
samples combined pair-wise. Small molecule contaminants were
then removed by SP3 and the captured proteins digested on bead.
Tryptic digests were then enriched on streptavidin resin and the
biotinylated peptides eluted using TEV protease. LC-MS/MS
analysis of 3 biological replicates identified 7,154 total cysteines.
309 cysteines were found in peptides that showed elevated MS1
chromatographic area ratios (R>4), indicative of labeling by 4. For

comparison, in prior compound treatment experiments screening
4 by isoTOP-ABPP identified 2671 cysteines of which 401
cysteines had R>4. Collectively, we identified 168% more
cysteines and similar numbers of ligandable cysteines using less
input proteome (200 μg compared with the previously used 1.5
mg). This increase in coverage, while still appreciable, is
somewhat more modest than that achieved using a biotin-azide
capture reagent, possibly due to the increased MS1 complexity of
the isotopically labeled samples. Taken together, these
competition studies showcase the generalizability of the SP3FAIMS chemoproteomic method to multiple capture reagents and
highlight the method's utility for competitive chemoproteomics
studies, particularly when limited input proteome is available (e.g.
patient derived tissues).

Discussion
We developed a new cysteine chemoproteomic method,
termed SP3-FAIMS chemoproteomics, which enables rapid and
high coverage analysis of the human cysteinome. As an essential
step to the development of this method, we first optimized
cysteine labelling conditions, achieving >95% alkylation of
cysteines by IAA together with >80% biotinylation of IAA-labelled
residues, which far exceeds the labelling efficiency achieved
using established conditions. We expect that our enhanced
cysteine biotinylation protocol should prove broadly applicable to
a wide range of chemoproteomic methods, inclusive of cysteine-
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focused studies and those aimed at profiling additional amino acid
side chains. Of particular note, while many chemoproteomic
studies employ equimolar concentrations of azide- and alkynereagents, our data indicates that the use of a slight (2x) excess of
the azido reagent is an easily implementable step to increase
biotinylation efficiency in chemoproteomic studies that rely on
CuAAC.
As observed both in our prior study [27] and here, sample
decontamination for chemoproteomic applications that rely on
increased concentration of biotin capture reagents (e.g biotinazide and related molecules) is an essential step to achieve high
coverage of biotinylated peptides. When benchmarked against
standard CHCl3/MeOH protein precipitation, we found that the
SP3 method, which relies on carboxyl coated magnetic beads,
yields better coverage of biotin-labelled peptides. We suspect that
the SP3-improved coverage can be rationalized by a combination
of factors, including more complete removal of unreacted biotin
contaminants and, by eliminating the requirement for
resolubilization after precipitation, preservation of proteins in a
soluble state. A key advantage of the SP3 method, highlighted
here, is compatibility with small sample sizes (e.g. <200 µg
protein), which makes the method ideal for applications where
material is limited, such as primary cell lines and patient-derived
tissue samples.
By combining these advances in sample preparation with
online peptide separation, using a FAIMS device, we found that
we could identify upwards of 14,000 unique cysteines in a single
shot cysteine chemoproteomic experiment. Comparison of
chemoproteomic coverage obtained with multiple different CV
combinations revealed that a maximal number of biotinylated
peptides could be detected using a -35 -45 -55 or -30 -40 -50
combination of CVs. As more negative CVs (-80 to -50 V) had
previously been reported as ideal for enhanced coverage, our
data points to either previously discussed [32] idiosyncratic
differences between FAIMS devices or advantages of less
negative CVs when analysing peptides with large hydrophobic
modifications (e.g. biotin). Surprisingly, comparison of a 70 min
and 140 min gradient, revealed near-identical coverage of
biotinylated peptides. Given the fast data acquisition rate of the
Orbitrap Eclipse Tribrid mass spectrometer, when combined with
the increased coverage afforded by FAIMS, we anticipate that 70
min gradients will likely prove sufficient for most chemoproteomic
applications, which should increase sample throughput.
Together these technical advances form the foundation of
the SP3-FAIMS chemoproteomic method. Showcasing the
method's versatility, we applied SP3-FAIMS cheomproteomics to
the analysis of proteomes derived from seven cell lines,
proteomes subjected to subcellular fractionation, and proteomes
digested with additional sequence specific proteases, which
identified in aggregate 34,225 unique cysteines found on 7,243
proteins. We expect that this large spectral library will provide a
useful foundation for future targeted studies that require high
proteomic coverage of specific cysteine-containing peptides. To
further enable such studies, particularly those aimed at
generating quantitative chemoproteomic measures of cysteine
ligandability, we also demonstrated that the SP3-FAIMS
chemomproteomic platform, when integrated into the isoTOPABPP workflow, can enable high throughput discovery of
cysteines labeled by electrophilic compounds. While this modified
isoTOP-ABPP platform yielded robust cysteine coverage (>7,000
unique cysteines) per single shot experiment, we did observe

generally lower coverage when compared to samples labelled
with biotin-azide. This gap can likely be ascribed to increased
MS1 spectra complexity, differences in reagent concentrations—
due to the cost of synthesis of isotopically labelled reagents, the
isotopically-labelled TEV-cleavable peptide tags were used at a
lower concentration (100 µM)—and to ion suppression caused by
autoproteolysis of the TEV-protease and resulting sample
contamination by TEV-derived peptides. Therefore, the
combination of SP3-FAIMS chemoproteomics with peptide
capture using alternative isotopically labelled biotin enrichment
reagents (e.g. isoDTB[24] and IA-light/heavy[22]) represents an
attractive strategy to enable high coverage competitive
chemoproteomics studies.
The
high
coverage
achieved
by
SP3-FAIMS
chemoproteomics provides a strong technical foundation for
future studies aimed at achieving truly global coverage of the
human cysteinome. While our identification of ~17% of all
theoretically detectable cysteines represents a significant
advance, the relatively modest increase in coverage achieved
through analysis of more than two additional cell lines points to a
need for new strategies to further increase coverage. Extensive
subcellular fractionation, analysis of a panel of primary human
cells and tissues, and the use of data independent acquisition
(DIA) methods, which offer the advantage of greater dynamic
range, are attractive contenders for enabling further increased
coverage in future studies.

Experimental Section
Details are listed in Supplementary Information.
Cell culture and preparation of cell lysates. All cell lines were obtained
from ATCC and were maintained at a low passage number (< 20
passages).

Cells

were

cultured

in

DMEM/RPMI-1640/EMEM

supplemented with 10% FBS and 1% antibiotics. Media was filtered (0.22
μm) prior to use. Cells were maintained in a humidified incubator at 37 °C
with 5% CO2. Cell lines were tested for mycoplasma using the
Mycoplasma Detection Kit (InvivoGen). Cells were harvested by
centrifugation, washed twice with cold DPBS, resuspended in DPBS and
sonicated. Protein concentrations were determined using a Bio-Rad DC
protein assay kit from Bio-Rad Life Science (Hercules, CA) and the lysate
diluted to the working concentrations as indicated.
Proteomic sample preparation.- CuAAC. HEK293T proteome was
labeled with IA-alkyne 1 for 1h at ambient temperature. CuAAC was
performed with biotin-azide 3, TCEP, TBTA, and CuSO4. Samples were
allowed to react for 1h at ambient temperature.
SP3 proteomic sample preparation For each 200 μL sample, 20 μL
Sera-Mag SpeedBeads Carboxyl Magnetic Beads, hydrophobic (GE
Healthcare) and 20 μL Sera-Mag SpeedBeads Carboxyl Magnetic Beads,
hydrophilic (GE Healthcare) were gently mixed. Washes were repeated for
three times. The bead slurries were then transferred to the CuAAC
samples, incubated for 5 min at RT with shaking. Absolute ethanol was
added to each sample, and the samples were incubated for 5 min. The
beads were further washed three times with 80% ethanol in water. Beads
were then resuspended in 200 μL 0.5% SDS in PBS containing 2 M urea.
10 mM DTT was added into each sample and the sample was incubated
at 65 °C for 15 min. To this 20 mM iodoacetamide was added and the
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solution was incubated for 30 min at 37 °C. After that, absolute ethanol

available at http://fields.scripps.edu/yates/wp/?page_id=17). The MS

was added to each sample, and the samples were incubated for 5 min.

search results have been deposited to the ProteomeXchange Consortium

Beads were then again washed three times with 80% ethanol in water.

(http://proteomecentral.proteomexchange.org) via the PRIDE[59,60] partner

Next, beads were resuspended in 200 μL PBS containing 2 M urea

repository with the dataset identiﬁer PXD023056 (Figure 1), PXD023057

followed by addition 2 μL trypsin solution (Worthington Biochemical).

(Figure 2), PXD023060 (Figure 3), PXD023059 (Figure 4) and PXD023058

Digest was allowed to proceed overnight at 37 ºC. After digestion, ~ 4 mL

(Figure 6). File details were listed in Table S7.

acetonitrile was added to each sample and the mixtures were incubated
for 10 min at RT with shaking.The beads were washed (3 × 1 mL

Data analysis and processing. Custom python and R scripts were

acetonitrile). Peptides were then eluted from SP3 beads with 100 μL of 2%

implemented to compile labeled peptide datasets. Unique proteins, unique

DMSO in MB water for 30 min at 37 °C. The elution was repeated again.

cysteines, and unique peptide-spectrum matches (PSMs) were quantified

Peptide concentration assay (Pierce, 23275) was performed to test the

for each dataset, using unique identifiers.

concentration of the peptide and calculate the recovery rate of the samples
with SP3.

Synthesis of reagents. Compound 1 and 3 were prepared as has been
reported[27] and synthesis of compound 4 was performed according to the

NeutrAvidin enrichment of labelled peptides. For each sample, 50 μL

previous studies[12].

of NeutrAvidin® Agarose resin slurry (Pierce) was washed three times in
10 mL IAP buffer and then resuspended in 800 μL IAP buffer. Peptide
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80% acetonitrile in MB water containing 0.1% FA (10 min at RT & 10 min
at 72 °C). The eluants were dried (SpeedVac). The samples were then
reconstituted with 5% acetonitrile and 1% FA in MB water and analyzed by
LC-MS/MS.
IsoTOP-ABPP with SP3. IsoTOP-ABPP samples were prepared as
described previously[11,12], with modifications. Briefly, Jurkat cells were
harvested and lysed by sonication in PBS. Proteomes were adjusted to 2
mg/mL. Samples were labeled for 1 h at ambient temperature with either
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(A) Supplementary Figures

Figure S1. Percentage of cysteines labeled with IA-alkyne (1) or IA (2) when treated with 1
mM DTT (before), 2 mM IAA and 20 mM IA, or 2mM IA, 10mM DTT (after) and 20 mM IA.
Experiments were performed in duplicate.

2

Figure S2. Optimization of SP3 protocols. (A) Recovery rate (amount of eluted peptides /
amount of starting material * 100%) of SP3 with different protein to beads ratios. (B)
Recovery rate of SP3 with different elution conditions. Elution condition is 50 μL at 37oC for
30 min if not indicated.

Figure S3. Number of cysteine peptides identified with different amounts of input peptides of
NeutrAvidin enrichment.
3

Figure S4. PSMs identified with different FAIMS CV (-70, -60, -55, -45, -40, -35 V).

4

Figure S5. PSMs identified with different (A) gradient settings and (B) gradient time of liquid
chromatography (LC) in LC-MS/MS analysis of cysteine enriched peptides. Experiments
were performed in duplicate.

Figure S6. PSMs identified with different C18 column internal diameters, used for LCMS/MS analysis of cysteine enriched peptides. Experiments were performed in duplicate.

5

Figure S7. PSMs identified with different MS/MS fragmentation mass analyzer in LC-MS/MS
analysis of cysteine enriched peptides. Experiments were performed in duplicate.

6

Figure S8. Number of unique cysteines identified only in a specific single cell line and in both
replicates.

Figure S9. Venn diagram of unique cysteines identified with and without soluble/membrane
fractionation of HEK293T cells.

7

Figure S10. Histograms of (A) number of cysteines and (B) percentage of cysteines
experimentally identified per protein sequence.

8

(B) Supplementary Tables
Table S1-6 can be found as excels attached.
Table S7. Files in PRIDE datasets.
PRIDE
dataset

Figure

File name
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-1
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-9
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-2

Experiment

0.1 mM-1

0.1 mM-1

1 mM-1

1B
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-10
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-4
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-12
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-1B,

OTIT_SY33-3

S1

2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55--

PXD023056

OTIT_SY33-11

(Figure 1)

1C

1C, D

1D

(Figure 2)

2B

20 mM-1

2 mM-1

2 mM-1
2 mM-1

2020-09-24-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY42-3-3

2 mM-2

2020-09-23-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY43-1-1

2 mM-3

2020-09-23-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY43-1-2

2 mM-4

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-1-1

2 mM-5

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-1-2

2 mM-6

2020-09-24-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY42-3-2

4 mM-1

2020-09-23-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY43-1-4

4 mM-2

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-1-3

4 mM-3

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-1-4

4 mM-4

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-2-1

0.1 mM-1

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-2-2

0.1 mM-2

OTIT_SY33-7
2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-OTIT_SY33-15

PXD023057

20 mM-1

2020-09-24-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY42-3-1

2020-11-19-kb-70min_FAIMS_100micron_3cv_-35_-45_-55-S1

1 mM-1

2020-08-23-KB-70min_FAIMS_3cv-35-4560_OTIT_steeper_SY40-sp3-1-6uL

DTT after IAA-1

DTT after IAA-2

SP3-1

9

2020-09-22-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-12-60

2B, C

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-3-

MeOH/CHCl3-1

3-NA

(0.1 mM)

2020-09-21-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY44-3-

MeOH/CHCl3-2

4-NA_20200922184424

(0.1 mM)

2020-10-27-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY43-3-32C

rerun
2020-10-27-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY43-3-4rerun
2020-10-06-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY45-120
2020-10-05-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY45-2-

S3

SP3-2

50
2020-10-05-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY45-3100
2020-10-05-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY45-4150

4 mM-1

4 mM-2
20 μg
50 μg
100 μg
150 μg
3 CVs, -35 -45 -

3A, B,
S4, 5,

2020-09-22-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY40-1

6

3A

55, steeper, 70
min, 100 μm，
irontrap -1

2020-10-05-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-1

-2

2020-09-22-KB-70min_FAIMS_cv_-35_OTIT_SY40-1

1 CV-1
1 CV-2

2020-09-22-KB-70min_FAIMS_2cv_-35_-45_OTIT_SY40-1

2 CVs-1

2020-10-05-KB-70min_FAIMS_2cv_-35_-45_OTIT_SY41-1

2 CVs-2

2020-09-22-KB-70min_FAIMS_3cv_-30_-40_-50_OTIT_SY40-1

-30 -40 -50-1

2020-10-05-KB-70min_FAIMS_3cv_-30_-40_-50_OTIT_SY41-1

-30 -40 -50-2

2020-10-05-KB-70min_FAIMS_3cv_-35_-50_-65_OTIT_SY41-1

-35 -50 -65-1

PXD023060

2020-10-05-KB-70min_FAIMS_3cv_-35_-50_-65_OTIT_SY41-2

-35 -50 -65-2

(Figure 3)

2020-08-23-KB-70min_FAIMS_3cv-35-45-

3B

60_OTIT_steeper_SY39-7-100-sp3-6uL_FS-35
2020-08-18-KB-70min_FAIMS_2cv-35-60_SP3-SY39-7-100OTIT-steeper_ FS-40
2020-08-23-KB-70min_FAIMS_3cv-35-453C, D,

60_OTIT_steeper_SY39-7-100-sp3-6uL_FS-45

E, F

2020-08-23-KB-70min_FAIMS_3cv-35-4560_OTIT_steeper_SY39-7-100-sp3-6uL_FS-55
2020-08-19-KB-70min_FAIMS_2cv-35-60_actual_SP3-SY39-7100-OTIT-steeper_FS-60
2020-08-19-KB-70min_FAIMS_2cv-35-70_actual_SP3-SY39-7100-OTIT-steeper_FS-70

S4A

2020-09-22-KB-140min_FAIMS_3cv_-35_-45_-55_OTIT_SY40-1

-35

-40

-45

-55

-60

-70
140 min-1
10

2020-10-05-KB-140min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-1
2020-10-07-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-1S4B

shallower
2020-10-07-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-2shallower
2020-10-11-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-1-

S5

70um
2020-10-11-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-270um

S6

70 μm-1
70 μm-2

2020-10-05-KB-70min_FAIMS_3cv_-35_-45_-55_OTOT_SY41-2

Orbitrap-2

2020-10-09-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-46-2
2020-10-09-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-41-42
2020-10-09-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-46-1
2020-10-31-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-49-15-na
2020-11-01-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY49-1-6na-rerun

HCT-15-1
HCT-15-2
H661-1
H661-2
MOLT-4-1

MOLT-4-2

2020-10-09-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-46-3

HEC-1-B-1

2020-10-09-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-46-4

HEC-1-B-2

2020-10-31-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-49-13-na
2020-10-31-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-49-14-na
2020-11-01-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY49-1-1-

(Figure 4)

Shallower-2

Orbitrap-1

1

PXD023059

Shallower-1

2020-10-05-KB-70min_FAIMS_3cv_-35_-45_-55_OTOT_SY41-1

2020-10-09-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-41-4-

4A, B

140 min-2

na-rerun
2020-10-31-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY-49-12-na

Jurkat-1

Jurkat-2

H2122-1

H2122-2

2020-08-23-KB-70min_FAIMS_3cv-35-45-

HEK293T,

4A, B,

60_OTIT_steeper_SY40-sp3-1-6uL

Trypsin-1

C, S7

2020-09-22-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY41-1-

HEK293T,

2-60

Trypsin-2

2020-09-05-KB-70min_FAIMS_3cv_-35_-45_-60_OTIT_SY41-3-2

LysC-1

2020-09-22-KB-70min_FAIMS_3cv_-35_-45_-55_OTIT_SY42-22-LysC
4C

2020-10-31-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY49-2-1na
2020-10-31-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY49-2-2na

4D,

2020-09-05-KB-70min_FAIMS_3cv_-35_-45_-60_OTIT_SY41-2-

S7

S

LysC-2

Chymotrypsin-1

Chymotrypsin-2

Soluble-1
11

2020-10-19-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY-47-S
2020-09-05-KB-70min_FAIMS_3cv_-35_-45_-60_OTIT_SY41-2M

PXD023058
(Figure 6)

6B

Soluble-2
Membrane-1

2020-10-19-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-SY-47-M

Membrane-2

2020-11-10-kb-70min_FAIMS_100micron_3cv_-35_-45_-55--

isoTOP-ABPP-

OTIT_HD-1

1

2020-11-10-kb-70min_FAIMS_100micron_3cv_-35_-45_-55--

isoTOP-ABPP-

OTIT_HD-2

1

2020-11-10-kb-70min_FAIMS_100micron_3cv_-35_-45_-55--

isoTOP-ABPP-

OTIT_HD-3

1

2020-10-28-kb-70min_FAIMS_3cv_-35_-45_-55--OTIT-

isoTOP-ABPP-

CF3_SP3_isoTOP-HD-3

4
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(C) Methods
Cell culture and preparation of cell lysates. Cell culture reagents including Dulbecco’s
phosphate-buffered saline (DPBS), Dulbecco’s modified Eagle’s medium (DMEM)/high
glucose media, Roswell Park Memorial Institute (RPMI) media, trypsin-EDTA and
penicillin/streptomycin (Pen/Strep) were purchased from Fisher Scientific. Fetal Bovine Serum
(FBS) were purchased from Avantor Seradigm (lot # 214B17).
All cell lines were obtained from ATCC and were maintained at a low passage number (< 20
passages). HEK293T (ATCC: CRL-3216) cells were cultured in DMEM supplemented with 10%
FBS and 1% antibiotics (Penn/Strep, 100 U/mL). H661 (ATCC: HTB-183), HCT-15 (ATCC:
CCL-225), Jurkat (ATCC: TIB-152), MOLT-4 (ATCC: CRL-1582) and H2122 (ATCC: CRL5985) cells were cultured in RPMI-1640 supplemented with 10% FBS and 1% antibiotics
(Penn/Strep, 100 U/mL). HEC-1-B (ATCC: HTB-113) cells were cultured in EMEM
supplemented with 10% FBS and 1% antibiotics (Penn/Strep, 100 U/mL). Media was filtered
(0.22 μm) prior to use. Cells were maintained in a humidified incubator at 37 °C with 5% CO2.
Cell lines were tested for mycoplasma using the Mycoplasma Detection Kit (InvivoGen).
Cells were harvested by centrifugation (4,500 g, 5 min, 4 °C), washed twice with cold DPBS,
resuspended in DPBS, sonicated, and clarified by centrifuging (21,000 g, 10 min, 4 °C). The
lysates were then transferred to a new microcentrifuge tube. Protein concentrations were
determined using a Bio-Rad DC protein assay kit from Bio-Rad Life Science (Hercules, CA)
and the lysate diluted to the working concentrations indicated below.
Fractionation of the lysate. 500 μL of HEK293T lysates (2 mg/mL) were fractionated with
ultracentrifugation (45,000 g, 1 hr, 4 °C). Supernatant was saved as the soluble fraction. Pellet
was resuspended with 500 μL PBS, sonicated and saved as the membrane fraction. Protein
concentrations of both fractions were determined using a Bio-Rad DC protein assay kit and
the lysates were diluted to the working concentrations.
Proteomic sample preparation - IA-alkyne labeling. HEK293T proteome (200 μL of 1
mg/mL, prepared as described above) was dried with SpeedVac and resuspended with 200
μL 2M Urea. Samples were then labeled with IA-alkyne 1 for 1h at ambient temperature.
Reduction with DTT was performed either before (1 μL of 200 mM stock in water, final
concentration = 1mM) or after (10 μL of 200 mM stock in water, final concentration = 10 mM)
the IA-alkyne labeling for 15 min at 65 °C. To this iodoacetamide (Acros Organics, 122270050,
10 μL of 400 mM stock in water, final concentration = 20 mM) was added and the mixture was
incubated for 30 min at 37 °C with shaking. Trypsin (Worthington Biochemical, LS003740, 2
μL, 1 mg/mL in 666 μL of 50 mM acetic acid and 334 μL of 100 mM CaCl2, final weight = 2 ng)
was then added. After overnight digestion, 5% FA was added and samples were desalted
using C18 Tips (Pierce, 87782), following the manufacturer's instructions. The samples were
dried (SpeedVac) and then reconstituted in Molecular Biology Grade (MB) water containing
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5% acetonitrile and 1% FA. The samples were then analyzed by LC-MS/MS, as described
below.
Proteomic sample preparation - CuAAC. HEK293T proteome (200 μL of 1 mg/mL, prepared
as described above) was first labeled with IA-alkyne 1 (4 μL of 100 mM stock solution in DMSO,
final concentration = 2 mM) for 1h at ambient temperature. CuAAC was performed with biotinazide 2 (4 μL of 200 mM stock in DMSO, final concentration = 4 mM), TCEP (4 μL of fresh 50
mM stock in water, final concentration = 1 mM), TBTA (12 μL of 1.7 mM stock in DMSO/tbutanol 1:4, final concentration = 100 μM), and CuSO4 (4 μL of 50 mM stock in water, final
concentration = 1 mM) for 1h at ambient temperature.
Chloroform/methanol precipitation for proteomic sample preparation. After CuAAC, 3
mL methanol, 1 mL chloroform, and 3 mL water were added into each sample and samples
were centrifugated (4,200 g, 10 min, 4 °C). The upper liquid was aspirated and the resulting
pellet was washed with cold methanol (3 mL). The pellet was then solubilized in 0.5 mL 0.6%
SDS/PBS with sonication and heating (5 min, 95 ºC) and any insoluble material was removed
by an additional centrifugation at ambient temperature (14,000 g, 1 min).
Neutrvidin enrichment of labeled proteins. For each sample, 100 μL of NeutrAvidinagarose beads slurry (Pierce, 29200) was washed twice in 10 mL PBS and then resuspended
in 2.5 mL PBS. The proteins were added to the suspension of streptavidin-agarose beads
(final concentration 0.1 % SDS/PBS) and the bead mixture was rotated for 2h at ambient
temperature. After incubation, the beads were pelleted by centrifugation (1,400 g, 3 min) and
were washed (2 × 10 mL PBS and 2 × 10 mL water).
Trypsin digest on NeutrAvidin-agarose beads. The beads were first centrifuged (21,000 g,
2 min), and resuspended in 500 μL 6 M urea/PBS. DTT (10 μL of 200 mM stock in water, final
concentration = 10 mM) was added into each sample and the sample was incubated at 65 °C
for 15 min. Then, iodoacetamide (10 μL of 400 mM stock in water, final concentration = 20
mM) was added and incubated for 30 min at 37 °C with shaking in dark. The bead mixture
was diluted with 900 μL PBS, pelleted by centrifugation (21,000 g, 1 min), and resuspended
in PBS containing 200 μL 2M urea/PBS followed by the addition of trypsin solution
(Worthington Biochemical, LS003740, 2 μL, 1 mg/mL in 666 μL of 50 mM acetic acid and 334
μL of 100 mM CaCl2, final weight = 2 ng). The digestion was overnight at 37 ºC with shaking.
The beads were then separated from the digest with Micro Bio-Spin columns (Bio-Rad) by
centrifugation (21,000 g, 1 min), washed (2 × 1 mL PBS and 3 × 1 mL water) and transferred
to fresh eppendorf tubes with 1 mL water. Bound peptides were eluted twice with 60 μL of 80%
acetonitrile in MB water containing 0.1% FA. The first 10 min incubation at RT and the second
one at 72 °C. The combined elution was dried (SpeedVac) and resuspended in 100 μL water
containing 0.1% FA. Samples were then desalted using C18 Tips (Pierce, 87782). The
samples were dried (SpeedVac) and reconstituted in Molecular Biology Grade (MB) water
containing 5% acetonitrile and 1% FA. The samples were analyzed by LC-MS/MS.
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SP3 proteomic sample preparation.[1] After CuAAC labeling, each sample was treated with
20 μL 10% SDS/PBS and then 0.5 μL benzonase (Fisher Scientific, 70-664-3) for 30 min at
37 °C. For each 200 μL sample (1 mg/mL protein concentration), 20 μL Sera-Mag
SpeedBeads Carboxyl Magnetic Beads, hydrophobic (GE Healthcare, 65152105050250, 50
μg/μL, total 1 mg) and 20 μL Sera-Mag SpeedBeads Carboxyl Magnetic Beads, hydrophilic
(GE Healthcare, 45152105050250, 50 μg/μL, total 1 mg) were mixed and washed with water
for three times. The bead slurries were then transferred to the CuAAC samples, incubated for
5 min at RT with shaking (1000 rpm). Absolute ethanol (400 μL) was added to each sample,
and the samples were incubated for 5 min at RT with shaking (1000 rpm). Samples were then
placed on a magnetic rack, washed three times with 80% ethanol in water (400 μL). After
washing, beads were resuspended in 200 μL 2 M urea in 0.5% SDS/PBS. DTT (10 μL of 200
mM stock in water, final concentration = 10 mM) was added into each sample and the sample
was incubated at 65 °C for 15 min. Then, iodoacetamide (10 μL of 400 mM stock in water,
final concentration = 20 mM) was added and the solution was incubated for 30 min at 37 °C
with shaking in dark. After that, absolute ethanol (400 μL) was added to each sample, and the
samples were incubated for 5 min at RT with shaking (1000 rpm). Beads were then again
washed three times with 80% ethanol in water (400 μL). Next, beads were resuspended in
200 μL 2 M urea in PBS and 2 μL trypsin solution was added. Digest was overnight at 37 ºC
with shaking. After digestion, ~ 4 mL acetonitrile (> 95% of the final volume) was added to
each sample and the mixtures were incubated for 10 min at RT with shaking (1000 rpm). The
beads were then washed (3 × 1 mL acetonitrile) with magnetic rack. Peptides were eluted
from SP3 beads with 100 μL of 2% DMSO in MB water for 30 min at 37 °C with shaking (1000
rpm). The elution was repeated again with 100 μL of 2% DMSO in MB water. Peptide
concentration assay (Pierce, 23275) was performed to test the concentration of the peptide
and calculate the recovery rate of the samples with SP3. The elution can be used for
NeutrAvidin enrichment or analyzed by LC-MS/MS.
NeutrAvidin enrichment of labelled peptides. For each sample, 50 μL of NeutrAvidin
Agarose resin slurry (Pierce, 29200) was washed three times in 10 mL IAP buffer (50 mM
MOPS pH 7.2, 10 mM sodium phosphate, and 50 mM NaCl buffer) and then resuspended in
800 μL IAP buffer. Peptide solutions eluted from SP3 beads were then transferred to the
NeutrAvidin Agarose resin suspension, and the samples were rotated for 2h at RT. After
incubation, the beads were pelleted by centrifugation (21,000 g, 1 min) and washed (3 × 1 mL
PBS, 6 × 1 mL water). Bound peptides were eluted twice with 60 μL of 80% acetonitrile in MB
water containing 0.1% FA. The first 10 min incubation at RT and the second one at 72 °C.
The combined eluants were dried (SpeedVac), then reconstituted with 5% acetonitrile and 1%
FA in MB water and analyzed by LC-MS/MS.
IsoTOP-ABPP with SP3. IsoTOP-ABPP samples were prepared as described previously.[2,3]
Briefly, Jurkat cells were harvested and lysed by sonication in PBS. Proteomes were adjusted
to 2 mg/mL. Samples were labeled for 1 h at ambient temperature with either 500 µM CF3
compound or DMSO (CF3, 2µL of 50mM stock in DMSO). Samples were chased with 200 µM
iodoacetamide alkyne (IA-alkyne, 0.4 µL of 100 mM stock in DMSO) for 1 h at ambient
temperature. Samples were conjugated by CuAAC to either the light (DMSO treated) or heavy
15

(fragment treated) TEV tags (4 µL of 5 mM stocks in DMSO, final concentration = 100µM),
TCEP, TBTA ligand and CuSO4. After 1h, the heavy and light treated samples were combined
followed by the addition of 20 μL of 10% SDS and 0.5 μL benzonase. The samples were
incubated for 20 min at 37C. After SP3 cleaning and elution as previously described, samples
were then enriched on Streptavidin resin (100 µL slurry) in PBS (1 mL) with rotating for 2 hours.
Beads were then washed (2x PBS and 2x water) and then resuspended in 75 µL TEV buffer
(50 mM Tris, pH 8, 0.5 mM EDTA, 1 mM DTT). 5 µL TEV protease (70 µM) was added, and
the reactions were rotated for 7h at 29 ºC. The samples were then cleaned using micro biospin columns, desalted using Pierce C18 100 µL bed zip-tips, speedvac’d and reconstituted in
20 μL 5% ACN, 1% formic acid.
Liquid-chromatography tandem mass-spectrometry (LC-MS/MS) analysis. The samples
were analyzed by liquid chromatography tandem mass spectrometry using a Thermo
Scientific™ Orbitrap Eclipse™ Tribrid™ mass spectrometer coupled with a High Field
Asymmetric Waveform Ion Mobility Spectrometry (FAIMS) Interface. Peptides were
resuspended in 5% formic acid and fractionated online using a 18cm long, 100 μM inner
diameter fused silica capillary packed in-house with bulk C18 reversed phase resin (particle
size, 1.9 μm; pore size, 100 Å; Dr. Maisch GmbH). The 70 or 140-minute water-acetonitrile
gradient was delivered using aThermo Scientific™ EASY-nLC™ 1200 system at different flow
rates (Buffer A: water with 3% DMSO and 0.1% formic acid and Buffer B: 80% acetonitrile with
3% DMSO and 0.1% formic acid). The detailed gradient includes 0 – 5 min from 3 % to 10 %
at 300 nL/min, 5 – 64 min from 10 % to 50 % at 220 nL/min, and 64 – 70 min from 50 % to
95 % at 250 nL/min buffer B in buffer A. Data was collected with charge exclusion (1, 8,>8).
Data was acquired using a Data-Dependent Acquisition (DDA) method comprised of a full
MS1 scan (Resolution = 120,000) followed by sequential MS2 scans (Resolution = 15,000) to
utilize the remainder of the 3 second cycle time. Time between master scans was set 1 s. HCD
collision energy of MS2 fragmentation was 30 %. Different FAIMS compensation voltage (CV)
was applied as described.
The MS data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE[4,5] partner repository with the
dataset identiﬁer PXD023056 (Figure 1), PXD023057 (Figure 2), PXD023060 (Figure 3),
PXD023059 (Figure 4) and PXD023058 (Figure 6). File details were listed in Table S7.
Protein and peptide identification. Raw data collected by LC-MS/MS were searched with
MSFragger (version 3.1.1).[6,7] Proteomic workflow of FragPipe and its collection of tools was
set as default. Precursor and fragment mass tolerance was set as 50 ppm and 600 ppm
respectively. Missed cleavages were allowed up to 1. Peptide length was set 7 - 50 and
peptide mass range was set 500 - 5000. Cysteine residues were searched with a static
modification for carboxyamidomethylation (+57.02146) and a differential modification at
cysteine residues, which is +406.21509 for cysteine enrichment, +80.0626 for IA-alkyne
labelling. MS data of isoTOP-ABPP was were searched using the ProLuCID algorithm
(publicly available at http://fields.scripps.edu/yates/wp/?page_id=17) using a reverse
concatenated, nonredundant variant of the Human UniProt database (release-2020_01).
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Cysteine residues were searched with a static modification for carboxyamidomethylation
(+57.02146) and differential modification with +464.28595 and +470.29976 at cysteines for
isotopic tags. The rest of parameters were set the same as MSFragger.
The MS search results have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE[4,5] partner repository with the
dataset identiﬁer PXD023056 (Figure 1), PXD023057 (Figure 2), PXD023060 (Figure 3),
PXD023059 (Figure 4) and PXD023058 (Figure 6). File details were listed in Table S7.
Data analysis and processing. Custom python and R scripts were implemented to compile
labeled peptide datasets. Unique proteins, unique cysteines, and unique peptide-spectrum
matches (PSMs) were quantified for each dataset, using unique identifiers. Unique proteins
were established based on UniProt protein IDs. Unique cysteines were classified by an
identifier consisting of a UniProt protein ID and the amino acid number of the modified
cysteine; residue numbers were found by aligning the peptide sequence to the corresponding
UniProt protein sequence. Unique peptides were found based on sequences containing a
modified cysteine residue. The number of shared unique cysteines and PSMs were calculated
for each pair of cell lines and are represented as heatmaps. Additionally, venn diagrams were
constructed to display the number of common cysteine identifiers shared between various
experiments. A total number of unique cysteines and proteins was computed by aggregating
the unique identifiers from the cell line, fractionation, and protease datasets. These total
counts were compared to previously published datasets from Backus et al.[3]
An in silico digestion was performed using custom python scripts and the Human UniProt
database (release 2020_08). Canonical protein sequences were cut after lysine residues and
arginine residues that were not followed by a proline residue. Truncated protein sequences
between 6 to 45 amino acids in length were utilized for further analysis. The total number of
theoretical proteins or cysteines one could detect by MS were determined by counting the
number of protein IDs or cysteines associated with the remaining truncated protein sequences.
From the resulting trypsin digested protein sequences, the percentage of cysteines
experimentally identified by MS was calculated. A total of 1,073 proteins did not have a
cysteine that was detectable by the previously mentioned criteria. A histogram depicts the
percentages of experimentally labeled cysteines per protein. In addition, the number of
cysteine amino acids per protein sequence in the Human UniProt database (release 2020_08)
is plotted in a histogram.
For isoTOP-ABPP, ratios were calculated with MS1 signal intensity of light isotopically labeled
cysteines over that of heavy labeled cysteines. 4 replicates were performed and ratios were
averaged. Within each replicate dataset, peptides bearing the same unique identifier, including
those with mis-cleavage events, were grouped together and the median ratio was kept for
downstream calculations. The mean +/- SD of the ratios for each replicate are reported along
with the number of PSMs for each listed peptide in all replicates. Peptides with multiple
cysteines were counted as one liganded cysteine.
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Synthesis of reagents. Comound 1 and 4 were prepared as has been reported[8] and
synthesis of compound 4 was performed according to the previous studies.[3]

18

(D) References
[1]
[2]

[3]

[4]

[5]

[6]
[7]
[8]

C. S. Hughes, S. Moggridge, T. Müller, P. H. Sorensen, G. B. Morin, J. Krijgsveld,
Nat. Protoc. 2019, 14, 68–85.
E. Weerapana, C. Wang, G. M. Simon, F. Richter, S. Khare, M. B. D. Dillon, D. A.
Bachovchin, K. Mowen, D. Baker, B. F. Cravatt, Nature 2010, DOI
10.1038/nature09472.
K. M. Backus, B. E. Correia, K. M. Lum, S. Forli, B. D. Horning, G. E. González-Páez,
S. Chatterjee, B. R. Lanning, J. R. Teijaro, A. J. Olson, D. W. Wolan, B. F. Cravatt,
Nature 2016, DOI 10.1038/nature18002.
Y. Perez-Riverol, A. Csordas, J. Bai, M. Bernal-Llinares, S. Hewapathirana, D. J.
Kundu, A. Inuganti, J. Griss, G. Mayer, M. Eisenacher, E. Pérez, J. Uszkoreit, J.
Pfeuffer, T. Sachsenberg, Ş. Yilmaz, S. Tiwary, J. Cox, E. Audain, M. Walzer, A. F.
Jarnuczak, T. Ternent, A. Brazma, J. A. Vizcaíno, Nucleic Acids Res. 2019, DOI
10.1093/nar/gky1106.
E. W. Deutsch, A. Csordas, Z. Sun, A. Jarnuczak, Y. Perez-Riverol, T. Ternent, D. S.
Campbell, M. Bernal-Llinares, S. Okuda, S. Kawano, R. L. Moritz, J. J. Carver, M.
Wang, Y. Ishihama, N. Bandeira, H. Hermjakob, J. A. Vizcaíno, Nucleic Acids Res.
2017, DOI 10.1093/nar/gkw936.
A. T. Kong, F. V. Leprevost, D. M. Avtonomov, D. Mellacheruvu, A. I. Nesvizhskii, Nat.
Methods 2017, DOI 10.1038/nmeth.4256.
F. Yu, G. C. Teo, A. T. Kong, S. E. Haynes, D. M. Avtonomov, D. J. Geiszler, A. I.
Nesvizhskii, Nat. Commun. 2020, DOI 10.1038/s41467-020-17921-y.
J. Cao, E. Armenta, L. Boatner, H. Desai, N. Chan, J. Castellon, K. Backus, 2020,
DOI 10.26434/chemrxiv.12055218.

19

2020-Yan-et-al-SI.pdf (814.17 KiB)

view on ChemRxiv

download file

Other files
Table S1.xlsx (34.86 MiB)

view on ChemRxiv

download file

Table S2.xlsx (8.41 MiB)

view on ChemRxiv

download file

Table S3.xlsx (43.83 MiB)

view on ChemRxiv

download file

Table S4.xlsx (23.00 MiB)

view on ChemRxiv

download file

Table S5.xlsx (184.04 KiB)

view on ChemRxiv

download file

Table S6.xlsx (789.44 KiB)

view on ChemRxiv

download file

