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Abstract 

In traditional crosslinking mass spectrometry, proteins are crosslinked using a highly 

selective, bifunctional chemical reagent, which limits crosslinks to residues that are accessible 

and reactive to the reagent. In this study, we employ an alternative approach using 

benzoylphenylalanine (BPA), a photoreactive amino acid, incorporated into a disordered region 

of the human protein HSPB5. BPA is incorporated at specified sites at the time of protein 

expression, enabling the targeting of any site, including those that are inaccessible to 

conventional crosslinking reagents. BPA can react with all amino acids, which also overcomes 

limitations of selective reactivity. However, this broad reactivity imposes additional challenges 

for crosslink identification. We report and characterize the experimental methods and informatics 

pipeline used to identify and visualize residue-level interactions originating from BPA. We 

routinely identify 30 to 300 crosslinked peptide spectral matches with this workflow, depending 

on the site of BPA incorporation. Most identified crosslinks are assigned to a precision of one or 

two residues, which is supported by a high degree of overlap between technical replicates. Based 

on these results, we anticipate that this approach will be a powerful, general strategy for 

characterizing the structures of proteins that have resisted high-resolution characterization, 

including disordered and heterogeneous proteins.  

https://doi.org/10.26434/chemrxiv-2024-33v24 ORCID: https://orcid.org/0000-0003-3526-4973 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-33v24
https://orcid.org/0000-0003-3526-4973
https://creativecommons.org/licenses/by-nc-nd/4.0/


3 

Introduction 

Crosslinking mass spectrometry (MS) is a powerful method for identifying protein-

protein interactions and characterizing the spatial relationships within macromolecular 

assemblies.1 Crosslinking MS is especially useful for studying protein dynamics and transient 

interactions, thereby capturing information that is often challenging to obtain through standard 

structural biology methods.2,3 In conventional crosslinking MS, proteins in a sample are reacted 

with a bifunctional chemical reagent, digested enzymatically, and then analyzed by liquid 

chromatography (LC) MS. Crosslinked peptides identified through this process are used to infer 

protein-protein interactions and distance constraints between protein residues. Traditional 

crosslinking MS is challenged by the chemistry of crosslinking reagents and the identification of 

crosslinked products,2 which has led to many lab-specific bioinformatic workflows.4,5 There are 

additional challenges related to refining structures based on the inferred distance constraints. 

The most-used crosslinking reagents, e.g., disuccinimidyl suberate (DSS) and 

bis(sulfosuccinimidyl)suberate (BS3), react with primary amines.6 These conventional 

crosslinkers can only detect interactions that involve solvent accessible, primary amines, i.e., the 

sidechain of lysine and the N-terminal amine. However, the limited number of reactive amino 

acids makes it easier to identify crosslink sites because only a subset of residues can participate 

in crosslinks. Conventional crosslinkers may react with any exposed residue with the correct 

functional group in the sample, i.e., the reaction is untargeted. This typically results in a wide 

variety of low-intensity products that are difficult to detect, especially for the low-abundance and 

transient interactions that are expected in heterogenous protein systems.7 Fragmentation spectra 

of crosslinked peptides can include contributions from both peptides, which contributes to the 

challenges of making confident peptide spectral matches (PSMs).4,5  
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An alternative strategy to conventional crosslinking is to incorporate photoreactive amino 

acids into the protein sequence that can potentially react with any amino acid when exposed to 

UV light,8,9 albeit with different efficiencies.10 For example, photo-methionine and photo-leucine 

both have diazirine functional groups that react to form crosslinks via a carbene intermediate.11,12 

These amino acids are commonly incorporated by including those artificial amino acids in 

restricted media lacking the canonical amino acid, resulting in proteome-wide, albeit incomplete, 

incorporation.13 However, photo-methionine and photo-leucine can also form electrophiles that 

generate side products.11,12 Benzoylphenylalanine (BPA) can also form crosslinks14 and 

photoactivated BPA typically relaxes back to the ground state if no crosslink is formed, enabling 

few side products and high crosslinking yields.15 BPA is amenable to site-specific incorporation 

using amber codon suppression, enabling highly targeted and complete incorporation.16,17 This 

approach enables the targeting of sites in proteins, even those that are solvent inaccessible, 

because all crosslinks will include the selected site of incorporation.  

Crosslinks from photo-methionine, photo-leucine, and BPA have been identified using 

database searching with programs such as StavroX,18–22 MeroX,23,24 and Crossfinder.19 Relative 

to methods for conventional crosslinking reagents, it can be challenging to unambiguously 

identify the specific residue involved in crosslinks for photoreactive amino acids. A larger 

variety of crosslink sites can form because the crosslinker can potentially react with any residue; 

incomplete sequence coverage in the fragmentation spectrum can result in ambiguities of the 

specific residue participating in the crosslink. Because of these challenges, many studies utilizing 

photoreactive amino acids only interpret their results at the protein level, e.g., using gel-based 

assays to determine whether crosslinks were formed to a target25–27 or using quantitative 

proteomics to characterize the preferential co-isolation of interacting proteins after exposure to 
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UV light.28,29 Some studies have localized the site of crosslinking, but often only a single 

crosslink is reported.30,31  

To overcome the challenges that have hindered the broader use of photoreactive amino 

acids to identify residue-specific interactions, we developed experimental methods and an 

informatics pipeline (Figure 1) and then characterized the performance of that pipeline for 

variants of the human small heat shock protein (sHSP) HSPB5 that each contain BPA 

incorporated at a single site. The informatics pipeline benefits from the use of msconvert,32 

Comet,33 Kojak,34,35 PeptideProphet,36 and other tools from the Trans Proteomic Pipeline 

(TPP),37 which is a suite of open-source tools for MS data analysis. Specifically, the speed and 

transparency of Kojak and PeptideProphet supported our development of tools for representing 

ambiguities in the residue-level assignment of crosslinks originating from photoreactive amino 

acids. We also compared this new pipeline with ones reported previously using StavroX38 and 

MeroX.39,40 Using the workflow described in Figure 1, we identified residue-level interactions 

originating from the disordered N-terminal region (NTR) of the human sHSP HSPB5. Despite 

the importance of human sHSPs as chaperones,41,42 this class of proteins remains under 

characterized due to their intractability to conventional structural biology approaches; up to half 

of the protein sequence is disordered and these proteins assemble into large, polydisperse, 

dynamic oligomers.43–46 Here, we report and characterize the strategy that we applied recently to 

identify novel, residue-level interactions that were key factors in characterizing NTR-NTR 

interactions47,48 and the origin of selectivity47 of HSPB5. These results indicate that this strategy 

offers great potential for the more general use of genetically incorporated, photoreactive amino 

acids to study protein targets that include elements of heterogeneity and intrinsic disorder.  
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Methods 

Sample Preparation and Analysis. The BPA-containing HSPB5 variants W9B, F17B, 

F24B, L33B, F47B, and F61B were prepared in BL21 E. coli cells using amber codon 

suppression.17 Details of the cell growth, cell lysis, and protein purification for these variants are 

described elsewhere.47,48 Purified BPA-containing variants were UV-treated to form crosslinks, 

and the product mixtures were subjected to SDS-PAGE on a precast 4–20% acrylamide gradient 

gel (Bio-Rad, 4561096) as described elsewhere.47,48 The monomeric reactants (proteins in the 

monomer band from the non-UV treated sample) and dimeric products (proteins in the dimer 

band from the UV-treated sample) were excised and were each digested in-gel following the 

procedure for the Thermo In-Gel Digestion Kit.49  The weight of the peptides in these samples 

was estimated based on the initial weight of proteins loaded onto the gel and the relative color 

density of the band excised from the gel. For trypsin-GluC-digested samples, GluC and trypsin 

were each added to the digestion buffer at 0.004 mg∙mL–1. Samples were digested overnight at 

37 ºC, and then prepared for LC-MS using C18 spin columns (Thermo Scientific Pierce, 89870). 

Samples were analyzed using an Easy Nano LC coupled to a Thermo Orbitrap Fusion Lumos 

Tribrid and data-dependent acquisition, as described in the Supporting Information. Either a 30- 

or 85-minute gradient was used. Effects of the gradient length are discussed in the Supporting 

Information and shown in Figure S1. 

Identification of Crosslinks Using TPP. The left column of Figure 1 schematically shows 

the process of identifying the proteins that are present in the monomeric reactants. TPP version 

6.3.2 was used; some effects of the software version are discussed in the Supporting Information. 

First, Comet33 was used to search for non-crosslinked peptides in the non-UV-treated control to 

construct the validated-protein database. The search database contained the BL21 E.coli database 
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from UniProt (UP000431028), the cRAP database from the Global Proteome Machine with all 5 

levels of proteins,50 the pertinent HSPB5-BPA variant, peptides used for quality control 

(AngioNeuro), and reverse-sequence decoys. Samples were searched using Comet and validated 

using PeptideProphet through using a non-enzyme constrained search as described in the 

Supporting Information. After filtering using a 1% False Discovery Rate (FDR) and a minimum 

of 2 peptide spectral matches (PSMs), this protein yields a validated protein database for the 

sample.  

The right column of Figure 1 schematically shows the process of identifying the 

crosslinks that are present in the UV-treated samples using Kojak34,35 and the validated-protein 

database for the monomeric reactants. Kojak version 2.0.3 was used; some effects of the 

software version are discussed in the Supporting Information. The search settings used are 

described in detail in the Supporting Information, but mimic those used for Comet except a 

narrower precursor tolerance and enzyme selection rules were used. For histograms, each PSM 

was associated with the residue that was assigned the highest probability of participating in a 

crosslink with BPA. When more than one residue was assigned the same probability, an equal 

fraction of that PSM was assigned to each of those residues.  

Access to Data and Software. The mass spectrometry data, FASTA files, search 

parameters, and PeptideProphet results have been deposited to the ProteomeXchange 

Consortium via the PRIDE51 partner repository with the dataset identifier PXD050493. That 

repository also contains a data summary that relates all data to the corresponding figures and 

tables reported here. An interactive notebook and sample files for generating residue-specific 

crosslinking distributions and error-sensitivity plots have been deposited to 

https://github.com/bushgroup/Identifying-Site-Specific-Crosslinks.  
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Results and Discussion 

The objective of this research was to develop a high-performance workflow for 

identifying residue-specific crosslinks originating from photoreactive amino acids. Towards that 

end, we developed experimental methods and an informatics pipeline, which uses Comet,33 

Kojak,34,35 PeptideProphet,36 and other open-source tools from the Trans Proteomic Pipeline 

(TPP).37 Our workflow is described in detail in the Methods section and is shown schematically 

in Figure 1. We then characterized the performance of this workflow for variants of human 

HSPB5 that each contain BPA incorporated at a single site. sHSPs form large, polydisperse, and 

dynamic oligomers. Each individual protein includes the following structural elements: a 

disordered N-terminal region (NTR), an ordered α-crystallin domain (ACD) that folds into two 

anti-parallel β-sheets, and a disordered C-terminal region (CTR).43–46 Tertiary structure is 

maintained through inter-molecular interactions between HSPB5 subunits. The wide variety of 

interactions within the oligomer has made it challenging to achieve consensus models for higher 

structures of sHSPs, which is evidenced by the significant differences between the structures 

proposed for 24mers of HSPB5.52,53 The large difference between those structures illustrates the 

need for a structural method that is more tolerant of disorder and heterogeneity. Here, we study 

HSPB5-variants with BPA in the disordered NTR to characterize a highly heterogeneous protein 

that has resisted characterization by conventional structural biology approaches. 

Identifying the Proteins in a Sample. As shown in the left column of Figure 1, we 

analyzed non-UV-treated control samples to generate validated-protein databases. To gain the 

broadest understanding of the proteins present in the sample, we include all proteins from the E. 

coli expression system and potential contaminants (e.g., keratins and common proteins 

associated with molecular biology)50 that could be introduced during sample handling. We used a 
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non-enzyme specific search and then filtered the results to all proteins with at least 2 PSMs at a 

1% FDR. This list of proteins is used as the validated-protein database for the sample. Across all 

samples analyzed, the size of the validated-protein databases ranged from 11 to 13 for samples 

analyzed using an 85-minute gradient (Table S1) and from 17 to 21 for samples analyzed using a 

30-minute gradient (Table S2).  

Effects of Protein Database Size. As shown in the right column of Figure 1, we then 

analyzed dimeric products to identify crosslinks originating from the incorporated BPA. Figure 2 

shows that for samples with BPA incorporated at site 9 (W9B) that were digested with trypsin, 

the number of crosslink PSMs generally decreases as database size increases and levels off at 

about 150. Decreasing numbers of crosslink PSMs with increasing database size is consistent 

with prior reports.5 Larger databases would allow for the identification of crosslinks with 

nontarget proteins and decrease the likelihood of misidentifying products. The validated-protein 

database associated with the analysis in Figure 2 has 12 proteins and is the second smallest 

database considered. The validated-protein database yielded the most crosslink PSMs (the 

crosslinks are shown in Figure S2), even more than if the protein database only includes the 

target protein. The selection of the protein database affects the sensitivity and error of the search. 

Using a 2 PSM minimum at 1% FDR yields a small database that appears to accurately describe 

proteins that are present in the sample. A smaller database increases sensitivity because there are 

fewer candidate identities for each spectrum, which can increase the scores assigned to the 

remaining candidates. These results suggest that the use of the validated-protein databases 

minimizes the loss of sensitivity from considering additional proteins, while still providing the 

benefits of considering signals originating from contaminant proteins that are in the sample. 
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The protein databases used in Figure 2 were all created using results for monomeric 

reactants. We have also created protein databases using results for dimeric products. For the 

W9B variant that was digested with trypsin, analysis of the monomeric reactants yielded a 

database with 12 proteins (Table S3), whereas analysis of the dimeric products yielded a 

database with 11 proteins (Table S3). Eight proteins were common to both: the target (the 

HSPB5 variant), trypsin, and other common contaminants such as human keratins. The unique 

proteins were mostly from the expression system (E. coli). Similar numbers of crosslink PSMs 

were identified with the two databases: 294 with the non-UV-treated database and 298 with the 

UV-treated database. Because similar numbers of crosslink PSMs were identified, using either 

sample to create the validated protein database appears to be sufficient. In most of the results 

presented here, we used a monomeric reactant band to create the validated-protein database. We 

used analysis of the dimeric products to create search databases for the 9 replicates of trypsin-

digested W9B (Figure 3, Figure S3, and Table S2). Although similar numbers of crosslink PSMs 

were identified using each method, creating the validated-protein database using data from the 

dimeric products does not require any additional LC-MS analysis (that sample is already 

analyzed to identify crosslinks).  

Performance of Informatic Workflow. Figure 2 also shows the number of crosslink PSMs 

identified and the corresponding search times for our workflow, StavroX,38 and MeroX.39,40 

Using the same LC-MS data for W9B, our informatics workflow identified numbers of crosslink 

PSMs ranging from 145 (when considering the 5315 proteins in the full BL21 E.coli and cRAP 

databases) to 294 (when considering the 12 proteins in the validated-protein database). For each 

of the smaller databases, StavroX identified 10 or fewer crosslink PSMs and MeroX identified 

32 crosslink PSMs. The small number of PSMs was surprising given that StavroX18–22 and 
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MeroX23,24 have been used to identify site-specific BPA crosslinks in previous studies and 

because we enriched crosslinks by only excising the band for the crosslinked HSPB5-HSPB5 

dimeric product prior to in-gel digestion. For our pipeline, the search time increased with the size 

of the database; searches using the 12 and 5315 protein databases finished within 1 and 55 

minutes, respectively. In contrast, searches using StavroX and MeroX required significantly 

more time. StavroX took 29 minutes to complete the 12-protein database search and over 19 

hours to complete the search using a 250-protein database. That was the largest protein database 

used for StavroX because searches using larger databases timed out and did not finish 

successfully. MeroX finished the search using a 12-protein database in 3 minutes, but the search 

using a 500-protein database required over 4 hours and those using larger protein databases 

timed out and did not finish successfully. These results demonstrate the excellent performance of 

our workflow, in terms of the large number of crosslink PSMs identified, the fast search times, 

and the scaling of those figures of merit with respect to database size. 

Validating Crosslinks. To summarize and visualize the results from the searches for 

crosslinks, we developed a Python-based, interactive notebook to integrate results from Kojak 

and PeptideProphet. The identified crosslinks are filtered to a target FDR (typically 1%), which 

are based on probabilities from PeptideProphet. Each probability is based on the validation 

model that is generated for ions with that charge state. The vast majority of the crosslink PSMs 

that met these criteria only include peptides originating from HSPB5, i.e., HSPB5-HSPB5 

crosslink PSMs. The number of crosslink PSMs that included a peptide originating from a 

different proteins, i.e., HSPB5-nontarget crosslink PSMs, are reported for 13 samples containing 

one of 6 variants in Table S1 and for 9 technical replicates of W9B in Table S2. When 

considering all 22 of those analyses, the number of HSPB5-nontarget crosslink PSMs ranged 
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from zero (for one sample with 34 HSPB5-HSPB5 crosslink PMSs) to 9 (for one sample with 

375 HSPB5-HSPB5 crosslink PSMs); the mean was 3.6 and the median was 3. These nontarget 

peptides originated from E. coli, contaminant, and decoy proteins. Figure 4 shows the number of 

crosslink PSMs identified depends on FDR. Results are separated for PSMs that include a 

peptide from the target (HSPB5), another protein (an E. coli or contaminant protein), or a decoy 

protein. The number of HSPB5-HSPB5 crosslinks increases sharply at low FDR and levels off 

by about 2.5%. The number of crosslinks that include another protein or a decoy also increases 

sharply to an FDR of 2.5%, but then continues to increase with FDR. At lower FDR values, 

similar numbers of PSMs are identified that include a peptide from another protein or a decoy. 

At higher FDR values, the number of PSMs identified that include a decoy are greater than those 

that include another protein. 

These FDR values are estimated from the validation models, which consider many 

factors including matches to decoys that are not in the sample.54 The shapes of the curves in 

Figure 4 are consistent with those that would be obtained for other proteomics experiments. That 

is, with increasing FDR the number of matches to decoys increases monotonically and the 

number of matches to targets (HSPB5-HSPB5 crosslinks) levels off as the sensitivity of the 

search approaches an asymptote. The curves for matches to HSPB5-nontarget crosslinks and 

matches to decoys have very similar shapes, suggesting that the former may be predominantly 

false positives. As for the analysis of other proteomics data, the objectives of high sensitivity and 

low error must be balanced. Here, we report all results at a 1% FDR. However, it would be 

reasonable to select a different FDR depending on the response of the sensitivity, the response of 

the error rate, and the objectives of the analysis. 
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StavroX and MeroX also use decoy-based validation to estimate FDR values. StavroX 

reports the scores associated with FDR cutoffs as histograms; Figure S4 shows a histogram 

generated for the search using a 12-protein database that was generated for the analysis in Figure 

2. In that histogram, StavroX reports only six PSMs identified at scores where no decoys are 

identified. MeroX reports the scores that determine FDR cutoffs as histograms and as a plot 

relating the spectrum score to the FDR. Figure S5 shows the plots generated for the search using 

a 12-protein database that was generated for the analysis in Figure 2. In the histogram, MeroX 

reports 32 PSMs identified at scores where no decoys are identified. Because of the low number 

of PSMs at high scores, both StravoX and MeroX would have to be operated at a very high FDR 

rate to obtain the 294 HSPB5-HSPB5 crosslink PSMs that our pipelined identified at a 1% FDR. 

A detailed FDR analysis, like that shown for our workflow in Figure 4, was not performed on 

StavroX or MeroX because of the smaller number of high-confidence PSMs. 

Visualizing Crosslinks from Photoreactive Amino Acids. To illustrate the information 

content of these experiments, Figure 5 shows a visual representation of the crosslinks originating 

from BPA in the W9B variant. Throughout the crosslink results reported here, we indicate the 

structural elements common to all sHSPs: a disordered N-terminal domain (NTR), an α-crystallin 

domain (ACD) that folds into two anti-parallel β-sheets, and a disordered C-terminal domain 

(CTR).43–46 Figure 5A depicts a peptide-level interpretation of our crosslinking results: for each 

PSM, a frequency of one was assigned to every residue within the crosslinked peptide. This 

representation mimics the information content of conventional crosslinking experiments, which 

use crosslinking reagents that can react with a limited subset of amino acids. At the peptide level, 

this visualization only enables a coarse understanding of the ensemble of interactions originating 

from the ninth residue of this protein (i.e., the BPA residue in the W9B variant).  
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Figure 5B depicts a residue-level interpretation of those same crosslinking results. For 

each PSM, we first found the number (n) of residues that were assigned the highest probability of 

participating in the crosslink and then assigned a frequency of 1/n to each of those residues. For 

example, a single residue that had the single highest probability was assigned a frequency of one 

(an unambiguous assignment) and two residues that had the same highest probability were each 

assigned a frequency of one half (an ambiguous assignment). At the residue level, this 

visualization enables a far more detailed understanding of the ensemble of interactions 

originating from the ninth residue of this protein. The contributions of ambiguous assignments 

will be discussed further in the following section. 

BPA crosslinking reveals a dense network of residue-level interactions through detecting 

many different crosslinks from a single site of incorporation. Because of the density of 

information, these results are visualized as a histogram of single-residue crosslink sites detected 

from a single site of incorporation. In contrast to conventional crosslinkers, which provide coarse 

peptide-level results that are often visualized with lines connecting sites of crosslinking,55 our 

results only require one end of the crosslink to be visualized because all crosslinks originate from 

the single BPA residue in each variant. The histograms convey the depth of residue-level 

information from BPA crosslinking without overcomplicating the figure by indicating the site of 

BPA incorporation for each crosslink. 

Ambiguities in Assigning Residue-Specific Crosslinks. When there are gaps in the 

coverage of b and y ions in the crosslinked peptide, there can be ambiguity in the crosslink site 

assignment. As described above, for each PSM, we first found the number (n) of residues that 

were assigned the highest probability of participating in the crosslink (as determined from the 

Kojak results) and then assigned a frequency of 1/n to each of those residues. Figure 5C shows 
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the frequency of ambiguities underlying the data in Figure 5B. Of the 293 crosslink PSMs, over 

70% are assigned to a single residue (no ambiguity) and over 80% are assigned to one or 

tworesidues (no or some ambiguity). Therefore, using this process, the vast majority of 

crosslinks are assigned to a very precise region of the sequence. However, because the 

fragmentation spectra may include contributions from mixtures of crosslinks, it is possible that 

this workflow underestimates the heterogeneity of the crosslinking in the sample. To help 

account for that possibility, we also include depictions of rolling averages over a window of 3 

residues (e.g., Figure 5B). 

Reproducibility. A total of nine technical replicates were performed of the preceding 

analysis; one replicate is shown in Figure 5B and all are shown in Figure S3. Across the nine 

replicates, the number of crosslink PSMs identified ranged from 293 to 375 (Table S3) and have 

remarkably similar crosslinking patterns. For example, Figure S3 shows that all replicates exhibit 

the highest number of crosslinks around residue 137 with less prominent clusters of crosslinks 

around residues 1, 17, 37, 64, 86, 109, 124, and 152. Figure 3 shows how many crosslink sites 

are identified in multiple replicates; a crosslink site identification is defined as a residue in the 

histogram that has a frequency value greater than zero. A total of 128 unique crosslink sites were 

identified across all 9 replicates; 54 were identified in all replicates and an additional 13 were 

identified in only 8 replicates. Only 15 crosslinks were identified in only a single replicate, but 

those crosslinks were also low in frequency when observed. The replicates reproducibly identify 

the same predominant crosslinking sites, and the majority of the crosslinking sites are identified 

in at least 8 of the 9 replicates.  

Our replicates of W9B crosslinks were not only highly reproducible with each other, but 

both corroborate results from complementary experiments and identify previously unreported 
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interactions. For example, the most frequent crosslink from W9B is to site 137, which is within 

the edge groove of the ACD. Titration of a peptide containing residues 1-13 of HSPB5 against 

the isolated ACD caused chemical shifts in NMR signals assigned to residues in the edge grove, 

which suggested that the N-terminal residues represented by the peptide may bind to edge groove 

in the full-length protein.56 Most of the other identified crosslinks represent interactions 

originating from W9B that have not been reported previously; notably these crosslinks helped 

reveal a network of NTR-NTR interactions that had resisted characterization by other structural 

methods. The context and mechanistic implications of those results are reported elsewhere.47,48 

More generally, these results illustrate the promising potential of this workflow to robustly 

identify residue-level interactions in highly heterogenous systems with reputations for disorder.  

Effects of Digestion. The previous sections only considered samples isolated from the 

dimeric product and then in-gel digested with trypsin. We will first discuss some factors related 

to the selection of the enzyme and then some factors related to the gel-based isolation. Figure 6 

shows crosslinks identified from dimeric products of W9B using in-gel digestions with only 

trypsin or with a trypsin and GluC parallel digestion. HSPB5 has a 4 kDa tryptic peptide that 

spans from sites 23 to 56 (LFDQFFGEHLLESDLFPTSTSLSPFYLRPPSFLR). Based on 

trypsin-only digestion, Figure 6A (trypsin only) does not exhibit crosslinks to the region 

spanning the large tryptic peptide. However, Figure 6B (a parallel digestion) exhibits crosslinks 

to that region, predominantly clustered near residue 43. The Venn diagram in Figure 6 illustrates 

that 28 crosslink sites are identified from both digestion conditions, 30 are identified with just the 

trypsin digestion, and 21 are identified with just the parallel digestion. The similarity of results 

across digestion conditions illustrates that this workflow is highly targeted and can reliably 

identify many interactions across different experimental conditions. For HSPB5, the selection of 
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the digestion enzyme(s) does affect the sensitivity of the method to specific regions. The effect 

of digestion on the identification of specific crosslinks has been reported previously and has been 

attributed to factors including the mass of crosslinked peptides and to crosslinks hindering access 

to specific cleavage sites.57–59  

To enrich crosslinked products, we used SDS-PAGE prior to in-gel digestion. After 

performing SDS-PAGE on denatured, crosslinked samples, we observe distinct monomer and 

dimer bands and trace amounts of higher order products. We then excised and digested the 

dimeric products. In-gel digestion of this excised band using trypsin and GluC resulted in the 

identification of 195 crosslink PSMs. In contrast, in-solution digestion using trypsin and GluC of 

crosslinked samples without SDS PAGE results in the identification of only 12 crosslink PSMs. 

Therefore, in-gel digestion resulted in a ten-fold increase in the number of identifications relative 

to the in-solution digestion of the original mixture. In-gel digestion enriches inter-protein 

crosslinks because all dimeric products have at least one inter-protein crosslink. Excluding 

proteins in the monomer band removes non-crosslinked proteins from analysis. Because we are 

analyzing HSPB5-HSPB5 dimers, at least half of the crosslinks are inter-protein. However, up to 

half of the dimeric products may have one intra-protein crosslink and one inter-protein crosslink. 

Further Evidence of Site-Specific Crosslinks. This work demonstrates the performance 

and potential of this workflow using W9B; we have also analyzed F17B, F24B, L33B, F47B, 

and F61B using this workflow as reported elsewhere.47 After trypsin-GluC parallel digestion, 

sites 24 and 33 are in the same peptide, LFDQFFGEHLLE (sites 23-34). Therefore, we will 

focus on comparing F24B and L33B, as shown in Figure 7. Both sites show clusters of crosslinks 

around positions 1 and 15. However in F24B, the most frequent crosslinking site is at position 

60, whereas in L33B the most frequent crosslink site is at position 3. Similar numbers of 
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crosslink PSMs were detected in these samples (66 for F24B and 62 for L33B). Because these 

crosslinks originate from the same peptides after digestion and similar products should have 

similar ionization efficiencies, these results suggest that site 24 likely interacts with residue 60 to 

a greater extent than site 33. Fourteen crosslink sites were identified in only the F24B sample, 

and 13 crosslink sites were identified in only the L33B sample. Only 14 of the crosslink sites 

identified were identified in both samples, so about half of the crosslink sites identified vary 

between the samples. The large differences exhibited by variants with BPA located in the same 

peptide after digestion provides further supports that this workflow yields residue-level 

interactions.  

 

Conclusions 

We developed a robust, high-performance workflow for identifying residue-level 

crosslinks originating from a genetically incorporated, photoreactive amino acid (Figure 1). The 

informatics pipeline uses TPP tools that are free, open source, and updated regularly. We 

developed an interactive notebook that integrates results from Kojak and PeptideProphet in order 

to identify BPA crosslinks and account for ambiguities in the specific site of crosslinking. 

Relative to existing methods for identifying BPA crosslinks, this workflow exhibits excellent 

performance in terms of the large number of crosslink PSMs identified, the fast search times, and 

the scaling of those figures of merit with respect to database size (Figure 2). This enables the 

routine identification of 30 to 300 crosslink PSMs (Table S1 and Table S2) for variants with a 

single BPA residue. The vast majority of the crosslinks identified are HSPB5-HSPB5 crosslinks, 

with comparatively small numbers of crosslinks to other proteins (Figure 4). This analysis 

suggests that the FDR estimate is conservative. The crosslinks we identify have low amounts of 
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ambiguity and most are assigned with a precision of one or two residues (Figure 5C). The 

crosslinks we identify are highly similar across technical replicates (Figure 3) and exhibit key 

similarities under different digestion conditions as well (Figure 6). Crosslinks also differ when 

BPA is incorporated at different sites within the same peptide, further corroborating the residue-

specific nature of the results (Figure 7). Using this workflow, we identified novel, distinct, and 

reproducible interactions of the highly disordered NTR. 

The strategy described here differs substantially from conventional crosslinking. In 

conventional crosslinking, only solvent accessible interactions can be detected and the limited 

range of amino acids that conventional crosslinkers can react with leads to results that are most-

often interpreted at the peptide or even protein level. Therefore, conventional crosslinking yields 

a broad, albeit sparse, coverage of the potential interactions that could be formed in the sample. 

Here, a photoreactive amino acid was incorporated at specified sites at the time of protein 

expression, enabling the targeting of any site, including those that are inaccessible to 

conventional crosslinking reagents. BPA reacts with all amino acids, and with our informatics 

workflow, the resulting crosslinks are identified at the residue level. This combination of 

targeted analysis towards a region of interest and residue-level interactions enables a deep 

coverage of interactions of a narrow region of interest. The results in this study were generated 

from samples in which all intentionally introduced proteins are the same BPA-containing variant. 

Based on the outcomes of this study, we propose that this strategy can be extended to samples 

containing a BPA-containing variant that is (a) diluted into similar proteins that do not contain 

BPA and/or (b) combined with candidate interaction partners. Both cases will benefit from the 

isolation of dimeric products (as demonstrated here), but the latter may require additional 

optimization in terms of product isolation and digestion. Therefore, we anticipate that this 
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strategy will be a powerful, general strategy for characterizing the structures of proteins that have 

resisted high-resolution characterization, including disordered and heterogeneous proteins. 
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Figure 1. Samples are divided into two fractions prior to the crosslinking reaction to have a non-

crosslinked control. The left describes the workflow for the analysis of the monomeric reactants, 

which was used to create the validated-protein database. The right describes the workflow for the 

analysis of the dimeric products, which was used to identify site-specific crosslinks.   
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Figure 2. The number of crosslink PSMs found and the corresponding search times for varying 

protein-database sizes using Kojak, StavroX, or MeroX. These searches were all performed on 

the same LC-MS data of trypsin-digested, dimeric products of W9B. StavroX identified 10 or 

fewer crosslink PSMs across database sizes. StavroX results are only reported for up to the 250-

protein database because searches timed out for larger database sizes. MeroX identifies 32 

crosslink PSMs across database sizes. MeroX results are only reported for up to the 500-protein 

database because the search timed out at larger database sizes. We used a 2-PSM minimum at a 

1% FDR as the criteria for the validated-protein database. In this plot, the 12-protein database is 

the validated-protein database. 
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Figure 3. The results of 9 technical replicates of trypsin-digested, dimeric products of W9B at 

pH 6.5 (Figure S3 and Table S3) are compared here. The number of crosslink sites identified 

(defined as residue values with a frequency value greater than 0 in Figure S3) across differing 

numbers of replicates is indicated. A value of 9 datasets indicates that a given crosslink was 

identified in all 9 datasets, whereas a value 1 indicates that a given crosslink was only identified 

in a single dataset. Of the 128 total crosslink sites identified 54 are identified in all 9 replicates. 
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Figure 4. The number of HSPB5-HSPB5 crosslinks, decoy crosslinks, and other crosslinks 

identified as a function of FDR. The search represented in this data uses the validated-protein 

database (12 proteins) on the same dataset of trypsin-digested, dimeric products of W9B 

represented in Figure 2. 
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Figure 5. Above panels A and B, the BPA 
position and domain boundaries are shown for 
the structural regions of HSPB5: a disordered 
N-terminal region (NTR), an α-crystallin 
domain (ACD) that folds into two anti-parallel 
β-sheets, and a disordered C-terminal region 
(CTR). All panels represent the same technical 
replicate of trypsin-digested W9B at pH 6.5, 
which is injection 3 in Figure S3 and Table S3. 
Panel A illustrates a peptide level 
representation of the results shown in panel B. 
In panel A, every position in a crosslinked 
peptide received a PSM value of one. In panel 
B, the PSM for the crosslinked peptide was 
distributed among the potential crosslinking 
sites to account for ambiguity as described in 
the text. Crosslink results are reported as both a 
histogram and a rolling average of three 
because of ambiguity in the crosslinking site. 
The frequency axis corresponds to the number 
of PSMs, and the relative population axis 
corresponds to the percent of total crosslink 
PSMs. Panel B has 293 crosslink PSMs. In 
Panel C, the number of possible crosslink sites 
(x-axis) indicates how many potential 
equivalent crosslinking sites a PSM has. Over 
70% of the PSMs have no ambiguity in the 
crosslink site assignment, and over 80% of the 
crosslink PSMs have two possible crosslink 
sites or fewer.  

https://doi.org/10.26434/chemrxiv-2024-33v24 ORCID: https://orcid.org/0000-0003-3526-4973 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-33v24
https://orcid.org/0000-0003-3526-4973
https://creativecommons.org/licenses/by-nc-nd/4.0/


36 

 

 

 

Figure 6. Above panels A and B, the top row 

shows the BPA position and domain 

boundaries. The following rows show the 

expected cleavage sites for trypsin or GluC. 

Panels A and B depict W9B samples with 

varying digestion enzymes. Panel A has 277 

crosslink PSMs from trypsin-digested W9B at 

pH 6.5. Panel B has 195 crosslink PSMs from 

the trypsin-GluC-digested W9B at pH 6.5. The 

large tryptic peptide is from sites 23-56, and 

we do see crosslinks to that region when using 

a trypsin-GluC, parallel digestion. The raw file 

represented in panel B has been reported 

previously.47 In panel C, the Venn diagram 

illustrates the overlap in crosslink sites 

identified in trypsin-digested W9B at pH 6.5 

(panel A) and trypsin-GluC-digested W9B at 

pH 6.5 (panel B).   
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Figure 7. Panels A and B depict trypsin-GluC-digested samples with differing sites of BPA 

incorporation. Panel A has 66 crosslink PSMs from F24B. Panel B has 62 crosslink PSMs from 

L33B. The Venn diagram illustrates the overlap in crosslink sites identified in F24B (panel A) 

and L33B (panel B). About half of the crosslink sites identified are found in both samples. Both 

raw files represented in this figure have been reported previously.48 
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