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Abstract 

Cysteine chemoproteomic screening platforms are widely utilized for chemical probe and drug 

discovery campaigns. Chemoproteomic compound screens, which use a mass spectrometry-

based proteomic readout, can interrogate the structure activity relationship (SAR) for thousands 

of proteins in parallel across the proteome. The versatility of chemoproteomic screens has been 

demonstrated across electrophilic, nucleophilic, and reversible classes of molecules. However, a 

key bottleneck that remains for these approaches is the low throughput nature of most established 

sample preparation workflows, which rely on many time-intensive and often error prone steps. 

Addressing these challenges, here we establish a novel workflow, termed CySP3-96, that pairs 

single-pot, solid-phase-enhanced, sample preparation (SP3) with a customized 96-well sample 

cleanup workflow to achieve streamlined multiplexed sample preparation. Our CySP3-96 method 

addresses prior volume limitations of SP3, which allows for seamless 96-well chemoproteomic 

sample preparation, including for large input amounts that are incompatible with prior methods. 

By deploying CySP3-96 to screen a focused set of 16 cysteine-reactive compounds, we identify 

2633 total ligandable cysteines, including 21 not captured in CysDB. Chemoproteomic analysis 

of a pair of atropisomeric electrophilic kinase inhibitors reveals striking stereoselective cysteine 
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ligandability for 67 targets across the proteome. When paired with our innovative budget friendly 

magnetic resin, CySP3-96 represents a versatile, low cost, and highly reproducible screening 

platform with widespread applications spanning all types of chemoproteomic studies. 

Introduction 

Mass spectrometry-based chemoproteomics has emerged as a powerful technology capable 

of pinpointing potential druggable sites proteome-wide. Illustrating the broad impact of 

chemoproteomics, screening platforms are now available to assess nearly all nucleophilic amino 

acid site chains1, inclusive of cysteine2–5, lysine6,7, serine8–10, tyrosine11–13, methionine14,15, 

glutamate and aspartate16–18. Cysteine remains a favored residue to target, due to its high 

nucleophilicity, important structural and functional roles within proteins, and proven therapeutic 

relevance, as exemplified by FDA-approved cysteine-reactive drugs such as the Gly12Cys KRAS 

inhibitors19,20. Thus, a key objective of cysteine chemoproteomic studies is to enable the discovery 

of scout or pathfinder molecules3,21–37 for all potentially druggable, or “ligandable,” cysteine 

residues.   

Towards achieving this goal, chemoproteomic screening platforms apply the same general 

strategy. First, cells or lysates are treated with electrophilic compounds or vehicle, followed by 

capping of all unreacted cysteines with a pan-cysteine reactive probe, such as iodoacetamide 

alkyne (IAA) or iodoacetamide desthiobiotin (DBIA). After control and treatment groups are 

isotopically differentiated, either via heavy/light biotin-reagents5,38 or with isobaric tags21,39,40, 

samples are then subject to sequence specific proteolysis and enrichment on avidin resin along 

with multiple sample cleanup steps throughout this process. Compound-modified cysteines are 

then identified via LC-MS/MS based on compound-induced decreases in either precursor or 

reporter ion abundance. Demonstrating their broad utility, these workflows have now been widely 

implemented both by our group3,38,40–43 and many others4,21,39,44, enabling discovery of covalent 

tool compounds that engage a wide range of protein classes, spanning transcription factors45, 

RNA binding proteins35, kinases36, proteasome regulators34, proteases3,46, and even classes of 

post-translationally modified cysteines47.  

One important consideration for chemoproteomic screens is library composition. As 

chemoproteomic screens remain comparatively low throughput, selection of a focused and 

diverse set of electrophilic fragments and more elaborated compounds has become a go-to 

strategy to maximize coverage of potential targets2,44. Alongside structural diversity, the addition 

of enantioenriched libraries to chemoproteomic screening decks provides added value to facilitate 

delineation of high confidence compound-cysteine interactions and on target phenotypes28,34,45,48–

51. While a number of studies have now reported chemoproteomic datasets using pairs of 

enantioprobes, the target profile of compounds featuring other types of chirality remains largely 

unexplored. Atropisomerism is a conformational chirality that occurs when there is constrained 

rotation about a bond that results in the 'rotamers' being isolable enantiomers. Atropisomerism is 

becoming increasingly ubiquitous throughout modern drug discovery52. However, to the best of 

our knowledge, there have been no chemoproteomic studies for atropisomer pairs. 

With the increasing availability of comparatively large 3200+ electrophilic compound libraries 

available for purchase and new straightforward chemistries for rapid electrophilic compound 

library synthesis53,  the number of easily accessible electrophilic compounds available to 
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researchers far outstrips current throughput of chemoproteomic screening platforms, both in 

terms of sample preparation and data acquisition. Methodological innovations that result in 

streamlined sample preparation offer the potential to improve sample throughput. Many groups 

have developed approaches to address these issues, such as SP2 for rapid and reproducible 

proteomics54, implementation of microflow LC-MS/MS analysis for improved reproducibility55, 

development of intelligent acquisition software56, and utilizing a label-free approach to speed up 

acquisition and throughput57. Transitioning from 1.5 mL microfuge tubes to 96-well plates is one 

approach to improve sample reproducibility and throughput, which allows for reduced manual 

sample manipulation, decreased points for human error, and compatibility with automation. 

Sample cleanup methods, such as in-stage tip (iST)58, S-Trap59, and single-pot, solid-phase-

enhanced sample preparation (SP3)60,61 are integral parts of most plate-based sample workflows, 

as illustrated by their applications to phosphoproteomics62, clinical proteomics63,64, identification 

of stereo-specific targets45, and discovery of off target proteins39. Our recent work revealed that 

SP3 cleanup is well-suited to chemoproteomics, yielding improved coverage and benefitting from 

decreased input material41,42. SP3 cleanup is also featured in the recently reported TMT- and 96-

well-plate-based chemoproteomic platform by Gygi and colleagues21, and has been shown to 

have high reproducibility between experimental replicates65, which further demonstrates the utility 

of SP3 in transitioning cysteine chemoproteomics to streamlined automated sample preparation. 

 Despite these considerable advances, several unaddressed challenges remain. First, as 

demonstrated by us and others41,66, SP3 cleanup does not scale well, with decreased yields at 

larger input materials—this limitation is particularly relevant for less reactive chemical probes, for 

which more sample is required to achieve higher coverage and for compatibility with microflow 

acquisition methods that are distinguished by low failure rates compared to nanoflow55,67. Second, 

and looking beyond SP3-specific workflows, many cleanup methods are quite costly, hindering 

implementation for large-scale screening applications. And lastly, for chemoproteomics, the 

avidin-enrichment step remains a bottleneck for fully transitioning an entire workflow into a 96-

well format, with most prior reports conducting peptide capture manually in plastic containers.   

Here we report the CySP3-96 method, which implements an unprecedented scalable SP3 

cleanup and a low cost SP3-alternative resin to enable robust and high coverage cysteine 

ligandability screens in a fully 96-well plate format. To establish CySP3-96, we first determined 

the source of the decreased coverage for SP3 samples generated with higher protein input, 

namely increased peptide concentration in the tryptic digest. We addressed this limitation by 

bypassing the SP3 peptide cleanup step entirely, which allowed us to maintain volumes 

compatible with deepwell plates. Benchmarking the CySP3-96 method to our established 

cysteine-SP3 platform, revealed comparable coverage together with at least a 90-minute per 

sample decrease in processing time with increasing time saved proportional to increase in the 

number of samples. These improvements allowed for high coverage screening in a 96-well plate 

format of 16 total known and novel electrophiles, including unprecedented atropisomeric 

compounds, which identified 2633 total ligandable cysteines, of which 21 have not been reported 

previously in CysDB68. Distinguished by scalability, low cost, and ease of implementation, we 

expect CySP3-96 to prove widely useful for a broad range of cysteine chemoproteomic 

applications.  

https://doi.org/10.26434/chemrxiv-2024-jm4n0 ORCID: https://orcid.org/0000-0001-8541-1404 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://sciwheel.com/work/citation?ids=6548357&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=8897441&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16765797&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16765782&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=530221&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5462289&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=6070212,5395211&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=15013537&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=8224793,4169171&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=16232575&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16449338&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11898879,11898890&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=10692184&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=4326101&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16641630,11898879&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=8897441,16449349&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=14904677&pre=&suf=&sa=0
https://doi.org/10.26434/chemrxiv-2024-jm4n0
https://orcid.org/0000-0001-8541-1404
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

Results 

Increased tryptic digest concentration fails to enable lower volume sample preparation.The 

first step to transition our cysteine chemoproteomic workflow into a more high throughput platform 

was to scale down the volumes of key steps of our established method. In our previous SP3-

enabled cysteine chemoproteomic sample preparation workflow (Figure 1A) the maximum 

volume reached during SP3 cleanup is 4 mL, which far exceeds the maximum volume available 

for a 96-well plate (2 mL for a 96-well deep well plate)—this large volume is required during the 

acetonitrile (>95% v/v) peptide binding step that occurs after the on-SP3 tryptic digest (Table S1). 

Furthermore, the shaking steps required for peptide binding to beads also limits the volume 

allowed in a deep well plate, with excess volume leading to inadvertent mixing between wells 

during shaking. Thus, to transition our method from 1.5 mL microcentrifuge tubes to a plate format, 

we first focused on the scaledown of this step. Our goal was to decrease total volume to under 1 

mL while maintaining high coverage, both in terms of peptide recovery and cysteine peptides 

identified.  

 We first postulated that scaledown could easily be achieved by implementing an ultra high 

concentration and low volume tryptic digest (15 µL), which would allow for the decrease in volume 

for the peptide binding step. We tested the impact of this scaledown for cysteine chemoproteomic 

samples prepared using our v1.0 workflow (Figure 1A) with varying trypsin digest volumes, for 

Jurkat whole cell lysate (200 µg total material) labeled with iodoacetamide alkyne (IAA) followed 

by click conjugation to biotin azide (Figure S1). Disappointingly, we observed a decrease in 

peptide recovery with increased digest concentration, dropping from an average of ~60% to ~30% 

at the highest concentrations (Figure 1B). Providing further evidence that the scaledown 

approach was not suitable, coverage of enriched biotinylated cysteine peptide spectral matches 

(PSMs) and unique cysteines identified also decreased dramatically (~50% loss), when the digest 

protein concentration exceeded 4 mg/mL (Figure 1C and 1D). Alongside this decrease in cysteine 

peptide coverage, we also observed an increased capture of background peptides lacking 

cysteine-biotin modifications for higher digest concentrations (Figure 1E). This finding hints at the 

likelihood that peptide aggregation in higher digest concentrations may lead to more non-specific 

binding to neutravidin resin.  

 

Bypassing peptide cleanup step enables high coverage and low volume 

chemoproteomics. Thwarted by the decreased coverage for our digest-scaledown strategy, we 

next opted to test whether the peptide cleanup step could be omitted while maintaining high 

coverage (Figure 2A). While our prior studies had indicated that SP3-cleanup is highly beneficial 

for increasing coverage by removing trace biotin contaminants41,42, we were inspired by other 

well-established non-SP3-based chemoproteomic methods69,70 that do not include a peptide-

cleanup prior to avidin/streptavidin enrichment. Gratifyingly, no significant change in coverage 

was observed for samples prepared with the omission of the peptide cleanup step (Figure 2B). 

We term this new cysteine chemoproteomic workflow, which omits the peptide cleanup step on 

SP3 prior to avidin enrichment, workflow v2.0 and the original workflow outlined in Yan et al. 2021 

as workflow v1.0.  Further illustrating comparable performance, a substantial overlap for cysteines 

identified was observed when both workflows were done side by side (Figure 2C), and similar 

coverage when compared to CysDB annotations of identified cysteines68 (Figure 2D). Notably, 
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peptide neutravidin eluants were directly analyzed with no further cleanup—to ensure that 

samples contained no substantial residual contaminants from the tryptic digest, we incorporated 

additional resin washes during the neutravidin capture step (see methods). We observed no 

significant difference in the proportion of enriched modified peptides between the two workflows 

(Figure S3), indicating that the effect of directly enriching post-digest is negligible. The elimination 

of a peptide-cleanup step on SP3 beads cuts the sample preparation time by at least 90 minutes 

and minimizes sample loss by reducing sample transfer steps.  

 

 
Figure 1. SP3 peptide cleanup volume scaledown results in overall decreased coverage. 

A) Shows v1.0 cysteine chemoproteomics workflow in which SP3 resin is used for both protein- 
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and peptide-level sample cleanup, with scaledown of trypsin digestion sample volume to achieve 

compatibility with 96-well plate. B-E) 200 µg of Jurkat whole lysate capped with IAA and biotin 

azide, and subjected to v1.0 cysteine chemoproteomic sample preparation varying the trypsin 

digest volume and concentration. B) Calculated peptide recovery using peptide assay varying 

digest concentration and digest volume. n=2. C) Peptide spectral matches (PSMs) and protein 

coverage for digest volume scaledown. n=3. D) Counts of unique cysteines across all replicates 

(n=3) in aggregate for each digest volume used for sample preparation. E) Percent modified 

peptides in comparison to all detected peptides for each digest concentration. n=3.  For B, C, E, 

data represent mean values and standard deviation. Statistical significance was calculated with 

unpaired Student's t-tests, ns, not significant, * p<0.05, ** p<0.005, NS p>0.05. All MS data is 

available in Table S4. 

 

Streamlined SP3 cleanup is compatible with small molecule screening. Pleased with the 

overall coverage of our new and more streamlined SP3-chemoproteomic sample preparation 

method, we next turned to testing its utility for covalent ligand discovery. Following the workflow 

shown in Figure S4, we subjected Jurkat whole cell lysates to our benchmarking scout fragment 

KB2 (Figure S2), for which we3,40,71 and others4,21,22,68 have generated many high coverage prior 

datasets. For quantitative chemoproteomic target engagement analysis, we utilized isotopically 

labeled (heavy and light) biotin azide enrichment tags that can be easily clicked to IAA (Figure 

S1), enriched on neutravidin resin, and eluted from the resin under mild acid conditions. These 

tags have been shown to provide reliable ratios when used for quantification38. We tested both 

our biotin azide-based activity protein profiling (ABPP) under the workflow v1.0 cysteine 

chemoproteomic conditions (Figure 1A) and our newly optimized workflow v2.0 (Figure 2A) in 

parallel to further evaluate the scope of our newly modified cleanup strategy in the context of 

cysteine chemoproteomics (Figure S4). We observe similar coverage to our prior studies for both 

methods, with high overlap in coverage (74% of identified cysteines shared) (Figure S5) as well 

as similar ligandability profiles (Figure S6A,B) and types of cysteines captured (as annotated by 

CysDB) (Figure S6C, S6D). We observe generally strong concordance between liganded 

cysteines identified between both workflows (Figure 2E) and those previously reported as 

engaged by KB2, both for our group's prior datasets and for those generated more broadly, as 

reported by CysDB68 (Figure 2F and Figure S6).  

 To assess whether our newly modified SP3 workflow is also compatible with other 

reagents besides our isotopically tagged biotin azide capture reagents, we compared them 

against isotopic Tandem Orthogonal Proteolysis-ABPP (isoTOP-ABPP) tobacco-etch virus (TEV) 

cleavable biotin reagents5 and MS1 compatible silane-based cleavable isotopically labeled 

proteomic (sCIP) reagents40 using the same electrophile KB2. Both reagents require streptavidin 

enrichment followed by either TEV or acid-assisted cleavage from the resin. We observed similar 

cysteine coverage across all reagents (Figure S7), illustrating the generalizability of this workflow 

to various custom capture reagents and enrichment types.  
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Figure 2. Skipping peptide cleanup results in comparable sample coverage and a more 

streamlined sample enrichment. A) Shows comparison of v1.0 to v2.0 workflows, with the latter 

omitting SP3 peptide cleanup post-digestion. Instead, in v2.0 the tryptic digest is immediately 

enriched onto avidin beads without extra cleanup steps. B-D) Jurkat whole cell lysate (400 µg) in 

microcentrifuge tubes labeled with IAA (200 µM) and clicked to biotin-azide processed using either 

workflow. n=3 per condition. B) Comparison of labeled PSM, peptide, and protein coverage 

between workflow v1.0 and workflow v2.0.  C) Aggregate unique and shared cysteines across 

three replicates for each workflow. D) Comparison of coverage to CysDB, including both identified 

and ligandable unique cysteines. E,F) Jurkat whole cell lysate (400 µg) in microcentrifuge tubes 

treated with either KB2 (500 µM) or vehicle followed by IAA (200 µM), clicked to biotin-azide, and 

processed using either workflow, n=4 per condition.  E) Concordance plot comparing distribution 

of Log2(H/L) ratios for workflows v1.0 and 2.0 for KB2-treated Jurkat whole cell lysates. Cysteine 

identifiers found in more than one replicate in both workflows considered. F) Concordance of 

ligandability ratios for each workflow for KB2-treated Jurkat whole cell lysates with highlighted 

known KB2 liganded cysteines. Pink dashed lines indicate threshold for cysteine ligandability 

(Log2HL ratio ≥ 2). Cysteine identifiers found in more than 1 replicate in both workflows 

considered. For B, data represent mean values and standard deviation. Statistical significance 

was calculated with unpaired Student's t-tests, ns, not significant p > 0.05. All MS data is available 

in Table S5. 
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Figure 3. Streamlined SP3 preparation seamlessly transitions into 96 deep well plate 

format for screening of cysteine reactive electrophiles. A) Deep-well plate with Magnetic 

Stand-96 magnet used for bead separation. B) Visualization of the magnetic bead separation in 

each well. C) Visualization of Cytiva magnetic neutravidin bead separation in each well for 

enrichment. D) Workflow for the plate-based screening starting with in-plate lysate treatment with 

compounds or vehicle, labeling with IAA, click conjugate to either heavy or light biotin azide 

enrichment reagents, and proteomic sample preparation. E) Number of unique cysteines 

identified per well across the plate for cysteine electrophilic compound screen. F) Cysteine 

ligandability per compound as compared to overall coverage. G) Shows the SAR of liganded 

cysteines not previously identified in CysDB. H) Comparison of the hit rate (percentage of total 

compounds screened that engage a cysteine in CysDB) to the number of liganding events 

reported by CySP3-96, with a max of 21 liganding events for the 16 compounds screened, 

including dose response assessments. For panels E-H, Jurkat whole cell lysate (300 µg) in 96-

well plate treated with either compound (500 µM unless otherwise stated) or vehicle followed by 

IAA (200 µM), clicked to either light or heavy biotin-azide, and processed via chemoproteomics 

workflow v2.0, n=2 per condition. All MS data is available in Table S6. 

 

 

Transitioning our enhanced SP3 method into a 96-well plate format. The key overarching 

goal of our study was to achieve streamlined well-plate sample preparation, with a particular focus 

on compatibility with large sample inputs that are not amenable to the state-of-the-art SP3-TMT 

methods21,39. Therefore, our next step was to transition our method from 1.5 mL microcentrifuge 

tubes to a 96-well plate. To enable compatibility with >200 µg sample input, we selected a 2 mL 

deep well plate as the optimal container to match anticipated workflow volumes (Table S2). We 

then purchased two models of plate (round U-bottom and conical V-bottom) and compared 

capture of SP3 resin by two widely used magnets72–74, Magnetic Stand-96 versus DynaMag 96. 

We find that the conical bottom plates paired with the Magnetic Stand-96 afford improved ease of 

handling and similar coverage as compared to other options assessed (Figure S8). Visual 

inspection rationalized the increased performance of the Magnetic Stand-96, which features 

round magnets, compared to the DynaMag 96 side skirted plate magnet, with the former affording 

improved SP3 resin capture (Figure 3A-C and Figure S8). We attribute this to the increased 

spacing in the conical V-bottom plates which allow for the round magnets in the Magnetic Stand-

96 to sit higher up the side of the well as compared to the DynaMag 96. Lastly, our choice of plate 

was also guided by compatibility with reusable plate seals that are compatible with the vigorous 

shaking steps in the SP3 workflow.  

 Benchmarking against our microcentrifuge-based approach revealed comparable 

cysteine chemoproteomic coverage for our newly established well-plate-based platform (Figure 

S9A-C). Further illustrating the robustness of our method, we find that similar coverage was 

observed for enrichment on magnetic neutravidin, with magnet-based resin cleanup, compared 

to conventional neutravidin, with centrifugation-based cleanup (Figure S9A-C). Notably, this 

advance allows for full plate-based sample preparation, which substantially minimizes both 

manual sample manipulation and preparation time.   

Showcasing the versatility of our approach, we observe high coverage of cysteine 

peptides across a range of protein inputs, spanning 100-800 µg, with a slight decrease in 
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coverage at lower 50 µg input amounts (Figure S10A). While this plate-based platform is 

compatible with larger volumes, for cysteine chemoproteomics 200 µg proved sufficient to achieve 

high coverage (Figure S10A,B). We note that the compatibility of our method with larger volumes 

could be useful for studies using less reactive probes66. These findings align with our prior report 

for down-scaling of microcentrifuge-based sample preparation41, and we expect that, when paired 

with isobaric multiplexing, further scale down should be feasible, consistent with the recent report 

by Gygi and coworkers39. Additionally, when compared to more dilute chemoproteomic samples, 

we observed that higher concentration and lower volume samples afforded a modest increase in 

coverage (Figure S10B), which further highlights the value of our reduced volume approach.  

 

CySP3-96 enables rapid screening of focused sets of cysteine-reactive electrophilic 

compounds. With our plate-based method established, we next opted to deploy our approach to 

screen a focused library of cysteine reactive electrophiles in Jurkat whole cell lysates. We 

assembled a panel of two previously screened electrophilic compounds, the aforementioned KB2 

together with KB73,40,71, and 12 newly synthesized fragment-like molecules that span a range of 

electrophilic chemotypes (Figure S1). We additionally included two more elaborated 

atropisomeric compounds into our screening library (BEH-1-(Sa) and BEH-1-(Ra)), which were 

designed based on the covalent HER2 and EGFR kinase inhibitor neratinib that is used to treat 

HER2+ breast cancer and synthesized in 25% yield (Scheme 1).  

 

 
 

Scheme 1. Synthesis of atropisomeric compounds.  

 

 

Then, following the scheme shown in Figure 3D, we subjected Jurkat whole cell lysates 

to each compound or DMSO vehicle. Following compound incubation and click conjugation to 

isotopically enriched biotin-azide capture reagents, the samples were combined pairwise across 

the plate to generate 48 unique samples for competitive chemoproteomic analysis (Figure S4 

workflow). To further showcase the versatility of our workflow and to better pinpoint high affinity 

targets, we also generated dose-response datasets, screening BEH-1-(Sa) and BEH-1-(Ra) at a 

range of compound concentrations spanning 5 µM to 100 µM. In total, across all datasets, 12265 

unique cysteines from 4375 proteins were quantified. This coverage is comparable to that 

reported for other recent high coverage chemoproteomic screening platforms21,75. Coverage was 

highly consistent across all wells and compounds analyzed (Figure 3E,F and Figure S11), 
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illustrating that the CySP3-96 workflow does not introduce plate position-based biases or other 

significant sources of variability.  

Prior studies have revealed that apparent cysteine-reactivity can vary considerably across 

different electrophiles and compounds of varying electronics and lipophilicities1,3. Therefore, we 

next assessed the relative compound reactivity, as inferred from the fraction of cysteines liganded 

(Log2(H/L) ≥ 2). We find that the topmost reactive compounds are SO56 and SO59, which have 

the same scaffold and adduct 23% and 28% of identified cysteines (Figure 3F). By contrast, most 

other compounds (other than KB2 and KB7) showed attenuated reactivity <12%, including the 

two atropisomeric compounds. To further corroborate these findings, we performed gel-based 

analysis and assessed the relative competition of IARho labeling by each compound, which 

revealed labeling patterns generally consistent with our calculated proteomic reactivity (Figure 

S12). Thus CySP3-96 can capture the relative reactivity of different cysteine reactive electrophiles 

across the proteome.  

To further vet our CySP3-96 screening data, we compared the liganded cysteines 

(Log2(H/L) ≥ 2) identified for widely used compounds, KB2 and KB7, to those identified previously. 

We observe a number of shared targets, including MAPK9 Cys177 for KB7 and KB2 (Figure 

S13). Looking more broadly across our data, we identified 2280 total ligandable cysteines across 

all compounds screened. A number of highly ligandable cysteines stand out, including Cys1101 

in RTN4 and Cys114 in TIGAR (Figure S13), which are also identified as very ligandable by prior 

studies3,68. These examples illustrate the capacity of CySP3-96 to identify bona fide cysteine 

labeling sites. Additionally, we found a strong concordance for the ratios measured for KB2 

samples prepared in microfuge tubes using workflow v1.0 to the KB2 samples generated in the 

96-well plate (Figure S14). Looking beyond these well characterized cysteines, we were also 

pleased to observe that our dataset captured 607 cysteines not previously identified in CysDB 

(Figure 3H), including Cys 120 in GRK3, Cys 835 in NUP98, and Cys 403 in USP48. Further 

looking into the types of cysteines not previously seen in CysDB, we find that 24% of the new 

cysteines belonging to proteins with transcription factor and/or regulator functions are liganded 

by 2 or more compounds (Figure S15). The next most liganded groups were the proteins 

classified under the enzyme group, the scaffolding, modulator, adaptor group, and the 

uncategorized group, each containing 17% of the cysteines in the group to be liganded by 2 or 

more of the compounds used for screening (Figure S15). We ascribe its newfound ligandability 

both to the novel compounds in our screening library together with the robust coverage afforded 

by our CySP3-96 platform. Taken together these examples illustrate the capacity of CySP3-96 to 

identify established and novel ligandable cysteines and to enable high coverage screening of 

focused electrophilic libraries.  

 

 

Atropisomeric electrophiles show distinct proteome-wide SAR. As atropisomers feature 

conformationally constrained chiral bonds76, we hypothesized that BEH-1-(Sa) and BEH-1-(Ra) 

compounds would each engage unique cysteines. To test this hypothesis, we first stratified the 

cysteine ligandability ratios across the concentration range screened for each compound and 

compared the ratios obtained for the BEH-1-(Sa) and BEH-1-(Ra) compounds (Figure 4A). 

Consistent with our hypothesis, we find that 66 total cysteines are preferentially labeled by one 

atropisomer. Of these, 30 cysteines had not been found to be ligandable in CysDB, which are 
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highlighted with bolded identifiers in Figure 4B. As the general reactivity of each compound was 

observed to be comparable (Figure 3F), we expected that these differences were reflective of 

bona fide SAR.  

These newly liganded cysteine proteins include DNA/RNA binding proteins, such as 

Cys208 in NONO and Cys169 in EIF3G. We were also pleased to observe that both atropisomers 

engaged many kinase cysteines, including residues such as Cys317 in UCKL1 (Sa), Cys9 in 

STK38 (Sa), and Cys340 in GRK2 (Ra). This observation aligns with the nature of these 

compounds as analogues of known kinase inhibitors. Further highlighting enantioselective SAR 

reported by our platform, we find that BEH-1-(Sa) shows increased labeling of transferase/kinase 

annotated proteins as compared to BEH-1-(Ra) (Figure S16). Illustrating this activity, we see that 

the active-site adjacent CAMK4 Cys202 was preferentially engaged by BEH-1-(Sa) (Figure 4B). 

Highlighting possibilities for distinct binding modes, we observed that Cys231 in the kinase 

CHEK2 was preferentially engaged by BEH-1-(Ra), particularly at lower compound concentrations 

(Figure 4B). These compelling examples illustrate the utility of screening atropisomeric 

compounds for target hunting. We do also note that we did not identify cysteines from the neratinib 

targets EGFR and HER2, likely due to very low levels of protein expression in Jurkat cells and 

the lack of inhibition of these kinases observed for BEH-1-(Sa) and BEH-1-(Ra), in an established 

kinase activity assay (Figure S17).  

Intrigued by the preferential labeling of CHEK2 by R atropisomer, we next subjected 

CHEK2 (PDB ID: 2XBJ) to non-covalent molecular docking with Molecular Operating Environment 

(MOE) software using a cutoff distance of 6 angstroms for energy minimization calculation, with 

the goal of assessing whether the chemoproteomic data could be corroborated in silico. 

Consistent with the chemoproteomic-preference for BEH-1-(Ra), we find that most (4/5) of the 

binding poses observed for BEH-1 adopt the R conformation (Figure 4C and Figure S18). The 

best R enantiomer binding pose was also observed to exhibit the lowest overall binding energy, 

with an MOE predicted affinity score of -5.0164 (Figure 4C). In addition to the covalent linkage, 

multiple contacts were observed between CHEK2 and the BEH-1-(Ra) atropisomer within this 

pocket (Figure 4E-F). Taken together, these docking studies corroborate the chemoproteomic 

reported enantioselective labeling at CHEK2. 
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Figure 4. Concentration screen of two atropisomers BEH-1-(Sa) and BEH-1-(Ra) illustrates 

stereoselectivity across targets. A,B) Jurkat whole cell lysate (300 µg) in 96-well plate treated 

with either BEH-1-(Sa) and BEH-1-(Ra)  at the indicated concentration or vehicle followed by IAA 

(200 µM), clicked to either light or heavy biotin-azide, and processed via chemoproteomics 

workflow v2.0, n=2 per condition. A) Volcano plot of the fold change difference of the Log2(H/L) 

ratios for Jurkat whole cell lysates treated with BEH-1-(Sa) and BEH-1-(Ra) (100 µM) followed by 

cysteine chemoproteomic analysis. B) Heatmap of atropisomer targets across a range of 

concentrations between 5 and 100 µM. Bolded sites indicate those not previously identified as 

ligandable in CysDB. C) CHEK2 (PDB ID: 2XBJ) Cys231 docked to BEH-1-(Ra) with an MOE 

predicted affinity value of -5.0164. Four out of five poses observed with BEH-1-(Ra) atropisomer. 

D) A zoom in of C: Asp368 in the hinge region of CHEK2 making hydrogen bonding interactions 

with the dimethylamino moiety of BEH-1-(Ra) as well as its adjacent CH2 group. E) A zoom in of 

C: Asn352 in the hinge region of CHEK2 making a hydrogen bond with the hydrogen of the amine 

group in the covalent linker moiety of BEH-1-(Ra). F) A zoom in of C: Glu308 in the hinge region 

of CHEK2 making a hydrogen bond with the C8 hydrogen of the quinoline moiety of BEH-1-(Ra). 

All docking figures generated with CHEK2 PDB structure 2XBJ in MOE 2020. All MS data is 

available in Table S6. 

 

Establishing a low-cost option for magnetic bead-based sample cleanup. Achieving cost 

savings was a key goal of our study. Therefore, we next sought to identify budget friendly SP3 

resin. We were inspired by recent studies that had shown, for protein cleanup, low cost glass 

beads function comparably to higher cost magnetic resin77, albeit using centrifugation to isolate 

the resin. Other studies have also shown that the surface chemistry of beads is largely irrelevant 

to sample preparation, which is facilitated by protein precipitation rather than true binding to 

beads78. Thus, we hypothesized that other low-cost magnetic resins would function comparable 

to the widely used Cytiva resin. To test this hypothesis, we selected a low cost commercially 

available resin sold by Sergi Lab Supplies as a reagent for oligonucleotide cleanup (Figure 5A). 

Visual inspection of the appearance of each resin slurry revealed that the low cost resin appeared 

more dilute, which was confirmed by the lower compacted bead volume (approximately 1/5th the 

size for the same volume taken, upon visual inspection) (Figure 5B,C). Thus, we opted to adjust 

the volume of slurry used to match the compacted bead volume between the two resins for our 

initial proteomic sample preparation. Gratifyingly, head-to-head chemoproteomic coverage 

comparison revealed no significant difference in coverage between the two resins (Figure 5D).  

 As the scaled-up slurry volume would diminish the potential cost-savings, we also tested 

the performance of lower slurry volumes (Figure S19). We find the coverage is unchanged when 

the magnetic beads were used in the same ratio as the SP3 beads: 1 µg of protein to 10 µL of 

slurry (Figure 5D and Figure S19). Visual inspection of these samples revealed a striking 

advantage of the low-cost resin: the smaller bead volume of the magnetic beads allows for more 

space within the well for aspirating supernatant throughout this workflow (Figure 5B). The low 

bead volume also afforded a visual cue of efficient protein capture, namely an increase in the 

whitish hue of resin that occurs after protein precipitation (Figure 5C). As a note of caution, we 

do acknowledge that ultra-low resin volumes (<40 µL bead slurry), particularly for small volume 

samples, may result in protein pellets that are challenging to visualize. Therefore, we do not 

recommend using bead slurry volumes of less than 40 µL. 
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 To further vet this resin, we also compared coverage of cysteines identified. We find that 

>80% of cysteines are captured by both resins with no significant difference in classes of proteins 

observed for each resin (Figure 5E,F). We ascribe the handful of cysteines preferentially 

identified by each resin to the stochastic nature of DDA, although we cannot rule out differences 

in resin affinities. Lastly, we also assessed whether this new resin could also prove useful for 

peptide-level sample cleanup post-tryptic digest—while not required for the CySP3-96 method, 

peptide cleanup is highly useful for other methods, such our redox proteomic platform SP3-Rox43. 

We find comparable peptide recovery is achieved for both resins analyzed (Figure S20). In sum, 

these data provide compelling evidence of the general utility of the Sergi Lab Supplies resin, which 

affords savings of >85% across 750 sample preparations equates to over $1300 (Figure 5A). 

  

 

 
 

 

Figure 5. Identifying a low-cost magnetic option for SP3. A) Cost analysis of using Cytiva’s 

SP3 beads versus SergiLabSupplies magnetic beads usually used for oligonucleotide purification. 

B) Shows deep-well plate setup with SergiLabSupplies magnetic beads (bottom 2 rows) or 

Cytiva’s SP3 beads (top two rows) to show differences in bead volume. Smaller bead volumes 

allow for more free space for tips when aspirating washes. C) Shows SergiLabSupplies magnetic 

beads without protein and when protein is immobilized onto beads. D) Comparison of PSM, 

https://doi.org/10.26434/chemrxiv-2024-jm4n0 ORCID: https://orcid.org/0000-0001-8541-1404 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://sciwheel.com/work/citation?ids=15853942&pre=&suf=&sa=0
https://doi.org/10.26434/chemrxiv-2024-jm4n0
https://orcid.org/0000-0001-8541-1404
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

protein, and cysteine coverage between the same volume of SergiLabSupplies magnetic beads 

as compared to Cytiva’s SP3 beads, n=2. E) Classes of proteins detected, based upon UniProtKB 

annotations, from sample preparations using the magnetic beads or SP3 beads. F) Overlap of 

unique cysteines identified by each bead type. G) Categorization of each cysteine identifier from 

CysDB for each bead type. Statistical significance was calculated by performing an unpaired 

Student’s t-test. p < 0.05 for significance cutoff. All MS data is available in Table S7. 

 

 

Discussion 
 

In this study we developed a 96-well SP3 workflow, CySP3-96, for the high throughput 

processing of chemoproteomic samples. Taken together CySP3-96 chemoproteomics performed 

comparably to other cutting-edge platforms, identifying in aggregate 12265 unique cysteines, of 

which 607 had not been previously captured by CysDB.  

To establish CySP3-96, we first address the scalability limitation of SP3, to enable sample 

preparations with large amounts of input material. We expect that this methodological innovation 

should prove particularly useful for applications where coverage is tightly linked to sample 

amount, such as chemoproteomics using less reactive probes. Likely the scalability of our 

approach will also prove beneficial in addition to workflows that pool samples at the protein level, 

thereby increasing sample amount per experiment. Such applications include for cysteine redox 

proteomics (SP3-Rox)43 and for isobaric labeling studies using our sCIP reagents40. 

After extensive benchmarking to ensure the robustness of our plate-based workflow, we 

deployed our platform to screen a focused library of cysteine-reactive electrophilic compounds. 

Our screening library contains both previously reported and novel electrophilic compounds, 

including an elaborated pair of atropisomeric analogues of neratinib. In aggregate we identify 

2280 ligandable cysteines, including 67 residues with atropisomeric selectivity. As demonstrated 

by recent work using stereoprobe libraries45, we expect that atropisomeric compounds should 

prove similarly useful in guiding the discovery of high confidence and actionable cysteine-

compound pairs.  

The increased sample throughput offered by CySP3-96 (between 1.5h to 12h decreased 

active sample manipulation time, Figure S21), facilitates testing dose-response across a range 

of compound concentrations. As shown for the pair of atropisomeric compounds tested here, 

testing a range of compound concentrations is valuable for delineation of high versus low affinity 

labeling events. We expect that dose ranges should also prove useful for delineating on-target 

labeling from compound-induced changes to protein abundance caused by generalized cell 

stress—of note, our recent work revealed that many electrophilic compounds activate cellular 

stress responses, including stress granules and aggresomes when compound concentrations 

exceed low micromolar concentrations71.  

Looking beyond chemoproteomics, we expect that our low-cost magnetic resin-based 

scalable high throughput cleanup workflow should prove useful for a wide range of applications 

that require increased sample input as well as increased number of samples. Our envisioned 

applications include for SP3-based phosphoproteomics workflows62, SP3-based 

immunopeptidomics79, and for upscaling for microflow-based sample separation55,67. Lastly, 

building on prior reports that revealed the surface chemistry flexibility of bead-based peptide 
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cleanup, we anticipate that a range of magnetic resins will likely function comparable for both 

protein- and peptide-based sample decontamination.  
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