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Abstract

Fragmentation ion spectral analysis of chemically crosslinked proteins is an established 

technology in the proteomics research repertoire for determining protein interactions, spatial 

orientation, and structure. Here we present Kojak version 2.0, a major update to the original 

Kojak algorithm, which was developed to identify crosslinked peptides from fragment ion spectra 

using a database search approach. A substantially improved algorithm with updated scoring 

metrics, support for cleavable crosslinkers, and identification of crosslinks between 15N-labeled 

homomultimers are among the newest features of Kojak 2.0 presented here. Kojak 2.0 is now 

integrated into the Trans-Proteomic Pipeline, enabling access to dozens of additional tools within 

that suite. In particular, the PeptideProphet and iProphet tools for validation of crosslinks improve 

the sensitivity and accuracy of correct crosslink identifications at user-defined thresholds. These 

new features improve the versatility of the algorithm, enabling its use in a wider range of 

experimental designs and analysis pipelines. Kojak 2.0 remains open-source and multi-platform.
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Introduction

Shotgun mass spectrometry (MS/MS) analysis of chemically crosslinked proteins (XL-MS) 

has become a versatile tool in the field of proteomics.1,2 Data analysis of crosslinked 

proteins has unique challenges; database and spectral library searching algorithms for 

standard shotgun analyses are not readily extensible to the analysis of chemically 

crosslinked proteins. In response to this shortcoming, many analytical tools have been 

developed to meet the unique challenges of crosslinking spectral analysis and have been 

recently reviewed and evaluated.3 These tools are diverse in their functionality, capable 

of analyzing data from static4–7 and cleavable crosslinkers8,9, and can incorporate isotope 

labeling into the crosslinkers, e.g. as shown in10. Alternatively, the tools must also be able 

to analyze isotopically labeled proteins.11 Additional tools incorporate such information into 

larger analysis pipelines to visualize structure12–14 and interaction networks15.

Kojak was first developed as a modern implementation of a database search algorithm for 

shotgun MS analysis of chemically crosslinked proteins16. At its core, Kojak emulated some 

of the key features of the Comet algorithm for standard shotgun proteomics analyses17, and 

applying these features to the identification of crosslinked peptide sequences from MS/MS 

spectra. Foremost, Kojak was designed to be computationally efficient, capable of analysis 

with many different crosslinkers on both small and large datasets. The simple interface of 

the Kojak software, combined with adherence to open data standards, enabled its use with 
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a diverse set of experimental conditions, analytical platforms, and pre- and post-analysis 

pipelines.

Development of Kojak has continued since its publication. These developments have 

culminated in Kojak version 2.0, which has several improvements and new features. 

These improvements include support for additional open formats and standards, further 

refinement to the search algorithm for efficiency, E-values to normalize the scores of the 

results, support for cleavable crosslinkers, and methods to identify crosslinks between 

homomultimer subunits. Kojak 2.0 is integrated into the Trans-Proteomic Pipeline (TPP), 

and we use PeptideProphet and iProphet from the TPP to assign a probability value to each 

crosslinked-spectrum match (CSM) returned from Kojak. These probability values are then 

used to estimate error rates and determine which Kojak results are accepted at a user-defined 

error threshold. We show that this new pipeline developed around Kojak is both sensitive 

and accurate in the crosslinks identified, an area of the field that has recently received 

additional scrutiny in an effort to improve XL-MS technology.1,18–21 Here we present results 

highlighting the latest features of Kojak 2.0, and describe their use in the analysis of 

chemically crosslinked proteins.

Methods

Search database

Kojak 2.0 has multiple features for the creation and use of tailored protein sequence 

databases in the search analysis. Users provide a FASTA file containing presumed protein 

sequences to search. If validation after Kojak analysis requires decoy protein sequences to 

be searched, the user can opt to provide those sequences with a label in their FASTA file, 

or request Kojak generate decoys for them. Kojak’s decoy generation algorithm fixes in 

place all digestion enzyme sites and reverses the amino acid sequences between them. This 

approach produces an equal number of decoy peptide sequences as target peptide sequences 

and identical masses. Thus, for every target peptide sequence searched against a spectrum, 

an equivalent decoy sequence is also searched against that spectrum. The decoy generation 

algorithm is dynamic to any enzyme digestion rule provided to Kojak, so that it can be 

used regardless of the digestion enzyme used. Palindromic sequences are mitigated through 

additional amino acid swaps. Kojak also recognizes protein name labels for isotopically-

labeled proteins, to distinguish these protein sequences from unlabeled protein sequences 

during the search process. The details of this feature are described in the methods below.

Identification of linked peptides

A two-pass approach is used to identify linked peptide pairs, similar to a previously 

described approach22. In the first pass, candidate peptides for the larger peptide mass are 

obtained through fragment ion matching the peptide sequence to the observed spectrum. In 

this pass, a candidate peptide is searched against a spectrum if it contains a site for binding 

to the crosslinker and its mass satisfies the following equation:

(mpre − mxl)/2 ≤ mα ≤ (mpre − mxl − mmin) eq. 1
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Where mα is the mass of the peptide in consideration, mpre is the predicted precursor mass, mxl

is the mass of the crosslinker, and mmin is the user-defined smallest allowed peptide mass in 

the analysis. This equation is applicable to all spectra for which mpre is greater than or equal 

to 2*mmin + mxl.

The mass of the unknown complementary peptide linked to the candidate peptide is 

computed as:

mc = mpre − mα eq.2

where the complementary peptide mass (mc) is the difference between the precursor mass 

(mpre) and the mass of the peptide in consideration (mα). mc is treated as a modification 

mass on the potential site of linkage of the peptide. This mass can be moved to other 

sites on the peptide if it contains additional potential sites of linkage. Additionally, any 

differential modification masses arising from post-translational modifications (PTMs) or 

chemical modifications are considered. A dynamic tally of the best scoring peptides (i.e. 

those peptides with the highest cross-correlation score) in this first pass are maintained for 

each spectrum at a user-defined size, with recommendations between 5 and 15 peptides.

In the second pass, only peptide sequences whose masses sum to the predicted precursor 

mass with any of the short list of sequences from the first pass are searched. Additionally, 

only peptides containing a valid crosslinker binding site are considered. This second stage 

greatly reduces the number of peptide combinations that must be considered, and further 

prioritizes those combinations to the most likely candidate sequences based on fragment 

ion match information obtained in the first pass. This approach differs significantly from 

previous versions of Kojak, which would search all peptides and attempt to find two peptides 

among a list of hundreds of candidates that sum to the precursor ion mass. This approach 

is also algorithmically faster than the previous method used in Kojak. This improvement, 

combined with other improvements in software engineering has reduced computation time 

to less than 25% of the previously published version of Kojak.

Improved scoring metrics for candidate crosslinked peptides

Kojak uses a modified form of the Comet fast cross-correlation algorithm17,23. Because this 

cross-correlation score (Xcorr) is influenced by peptide length, expectation values (E-values) 

are now computed in Kojak 2.0, which are more useful than the cross-correlation score 

when performing downstream CSM validation. The E-value is computed from a linear 

least squares regression of the log transform of the cumulative distribution function of 

the histogram of all cross-correlation scores to that MS2 spectrum. The user can define 

a minimum size of the histogram. If insufficient cross-correlation scores were recorded, 

additional cross-correlation scores to random peptide sequences of the same approximate 

mass are computed and added to the histogram. Additional E-value calculations are also 

performed for the individual peptides in the crosslinked sequence pair. In these cases, 

histograms are generated at a user defined size to include randomized peptide sequences 

of equivalent mass to the observed sequence, with a randomized site of linkage to the 

complementary peptide. These E-values better represent how good a Xcorr score is given 
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the peptide length and observed spectrum peaks and are preferred to Xcorr scores when 

evaluating CSMs.

Isotope labeling for identification of protein dimer interactions

Differentiation between self-linked proteins and crosslinks between different subunits in 

homodimers and homomultimers is performed using 15N-labeled techniques24,25. Briefly, 

the protein of interest is purified in both normal and 15N-labeled forms. The resulting 

mass spectra following crosslinking and acquisition of data by mass spectrometry are then 

analyzed with Kojak 2.0 using the new 15N_filter parameter. This parameter specifies a 

unique identifier word that is added to the FASTA protein identification line for the protein 

sequence that is to be analyzed with mass adjustments pertaining to the number of nitrogen 

atoms in each peptide from that protein sequence. For example, if a mixed normal and 15N-

labeled “protein X” were crosslinked, the FASTA file would contain (1) the sequence for 

protein X, identified as “>protein-X”, and (2) the sequence repeated for protein X, identified 

as, “>15n_protein-X”. The 15N_filter parameter would be set to “15n_”, indicating that 

masses from peptides from “>15n_protein-X” are to be adjusted for the heavy nitrogen, 

while the masses from peptides from “>protein-X” are to be calculated as normal. In this 

manner, peptides of identical sequence will have different masses depending on the protein 

sequence of origin. Crosslinks identified as containing a normal and a 15N-labeled peptide 

are therefore evidence of interaction between two separate protein subunits. For efficiency, 

it is not necessary for Kojak to search 15N-labeled peptides for every sequence in the 

database, instead limiting this step to only the proteins that were labeled in the experiment.

Cleavable crosslinker analysis

Mass spectrometry cleavable crosslinkers contain one or more labile bonds that break during 

collision-induced dissociation. When performing MS/MS analysis of peptides linked with 

cleavable crosslinkers, bond breakage can occur both along either peptide and at the labile 

crosslinker bonds. This creates fragment ion series that contain either the intact crosslinker 

and complement peptide, or simply a small mass addition equal to the remaining crosslinker 

after breaking at its labile bond. These predictable fragment ion products can be exploited 

to improve identification of crosslinked peptide sequences.26 When a cleavable crosslinker 

is specified, Kojak considers the additional product masses that occur from breakage of the 

labile crosslinker bonds, using these masses as additional evidence when scoring CSMs.

Crosslink peptide spectrum match validation

The use of the Trans-Proteomic Pipeline (TPP)27 software tools of PeptideProphet28 and 

iProphet29 to validate the spectrum matches produced by Kojak has been previously 

suggested.30 Here, these software tools were updated for the purposes of reading the 

results and scores as encoded by Kojak in pepXML format and modeling the new types of 

results produced within the framework of the TPP. The original PeptideProphet method for 

validation of Kojak CSM results relied on modeling the second-best expectation score in the 

crosslinked peptide combination as the PeptideProphet f-value, while the second-best Kojak 

computed score and the top best expectation score were used as additional discriminant 

models to improve the sensitivity of the PeptideProphet classifier. This approach was not 

successful in generating accurate or conservative probabilities when applied to Kojak 2.0 
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results and the validation for the new version of Kojak required a retooling of the models 

and software applied. The updates to validation software models in PeptideProphet, used to 

assign probabilities on the level of individual CSMs, consisted of only modeling the second-

best expectation score and disabling the additional two discriminant models. This served 

to improve the accuracy of the estimated probabilities at the cost of reduced sensitivity 

in the classification of the CSMs. The additional discriminant models described are now 

optional in the software and can be enabled when running PeptideProphet by options 

XLSECOND and XLTOPEXP. Using PeptideProphet with the optional EXPECTSCORE 

flag enabled causes PeptideProphet to use the combined expectation score for the crosslinks 

as the f-value. Additionally, the models in iProphet have been extended for Kojak 2.0 with 

the integration of an optional model called HETEROXL. This boolean model computes 

the likelihoods of observing crosslinks of two peptides from different proteins (i.e., hetero-

protein link), versus crosslinks of two peptides from the same protein (i.e., self-protein 

link), among correct and among incorrect matches, as determined using the protein identifier 

assigned to each peptide sequence in a crosslink. Like the other models in iProphet, the 

HETEROXL model is learned by iProphet using the Expectation Maximization algorithm 

and applied to the results to adjust the probabilities of the CSMs (supplementary figure 1). 

Although, making these changes to the PeptideProphet model reduced the sensitivity of the 

PeptideProphet analysis, while improving the accuracy; iProphet with its models (including 

HETEROXL) enabled is able to recover the sensitivity of the classification given the 

accurate starting probabilities resultant from the updates to the models in PeptideProphet.

Bovine Arp2/3 Complex Sample Preparation

Bovine Arp2/3 complex was purified from calf thymus (Pel-Freez) as previously described31 

with an additional ion exchange column (MonoQ) step used as a final polishing step. After 

loading on the MonoQ column, the complex was eluted with a gradient of 25–300 mM NaCl 

in 10mM Tris pH 8.0, 1 mM DTT. Pure fractions were dialyzed into 20 mM Tris pH 8.0, 50 

mM NaCl, concentrated, and flash frozen.

Prior to crosslinking, the Arp2/3 complex was exchanged into HB100D (40 mM HEPES, 

100 mM NaCl, 1mM DTT, pH 7) using Pierce Polyacrylamide Spin Desalting Columns 

(Catalog number: 89849, Thermo Fisher, Scientific). Crosslinking reactions were 100 μL 

and consisted of 25.32 uL Arp2/3 (60 μg total protein) plus 270 μL HB100D plus 2.34 

μL 25 mM CK-666 Arp2/3 complex inhibitor (Millipore-Sigma) plus 9.96 μL 14.5 mM 

BS2 (BS2G-d0, Thermo Fisher Scientific) in HB100D or 9.96 μL of DSS (Thermo Fisher 

Scientific) in DMSO. Reactions were mixed and incubated for 10 mins in an Eppendorf 

Thermomixer at 21°C shaking at 1,000 rpm after which 100 μL was quenched by transfer 

to fresh 1.5 mL Eppendorf tube containing 10 μL 1M ammonium bicarbonate plus 1 μL 2M 

β-Mercaptoethanol. Reactions were reduced for 30 mins at 37°C with 10 mM dithiothreitol 

(DTT) and alkylated for 30 mins at room temperature with 15 mM iodoacetamide. Trypsin 

digestion was performed at 37°C for 4 hours with shaking at a substrate to enzyme ratio of 

15:1 prior to acidification by addition of 250 mM HCl. Mass spectrometry was performed 

as previously described13 by injection of 3 μL peptide digest onto a fused-silica capillary 

tip column (75-μm i.d.) packed with 30 cm of Reprosil-Pur C18-AQ (3-μm bead diameter, 

Dr. Maisch). Peptides were eluted from the column at 0.25 μL/min using an acetonitrile 
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gradient. Mass spectrometry was performed on a QExactive-HF (Thermo Fisher Scientific) 

in data dependent mode.

Purification of 14N/15N Spc110 covalent heterodimers

Saccharomyces cerevisiae Spc1101–276-SpyCatcher and -SpyTag were transformed into 

BL21(DE3) CodonPlus RIL (Agilent). Both constructs bore the Spc110-C225S mutation to 

prevent disulfide-mediated oligomerization. To generate 14N-Spc1101–276-Spc110-SpyTag, 

cultures were grown in Terrific Broth (Research Products International). For 15N-

Spc1101–276-SpyCatcher, cultures were grown in in the following medium32: 50 mM 

Na2HPO4, 25 mM KH2PO4, 10 mM NaCl, 5 mM MgSO4, 0.2 mM CaCl2, 1% (w/v) 

glucose, 0.1% (w/v) 15NH4Cl, 0.25x BME vitamins mix (homemade based on the formula 

in Sigma-Aldrich item B6891), and 0.25x trace metals mixture.33 Cultures were grown at 

30 °C until reaching OD600 0.3–0.4. The temperature was then decreased to 18 °C. Once 

the culture had reached OD600 0.6–0.8, expression was induced with 0.6 mM IPTG for 

16–18 h. Cells were harvested by centrifugation then resuspended in lysis buffer (50 mM 

potassium phosphate pH 8, 300 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.3% Tween-20, 1x 

cOmplete protease inhibitor, EDTA-free (Millipore-Sigma)). Cells were lysed by Emulsiflex 

C3 (Avestin). Lysate was cleared by ultracentrifugation at 40,000 rpm for 30 min in a Type 

45Ti rotor (Beckman-Coulter). Cleared lysate was applied to cOmplete His-Tag purification 

resin (Millipore-Sigma) and incubated for 1 h at 4 °C with gentle agitation. The column 

was then washed with 10 CV lysis buffer followed by 10 CV lysis buffer without Tween-20. 

Spc110 was then eluted with 4 CV of elution buffer (25 mM Tris pH 8.3, 75 mM NaCl, 

5 mM EDTA, 1 mM DTT, 1x cOmplete protease inhibitor, EDTA-free (Millipore-Sigma), 

and 250 mM imidazole). Eluates were then diluted to < 5 mS/cm conductivity with MonoQ 

buffer A (25 mM Tris pH 8.3, 1 mM DTT). The diluted eluates were then applied separately 

to a MonoQ 10/100 GL column (GE) pre-equilibrated in 2.5% MonoQ buffer B (25 mM 

Tris pH 8.3, 1 M NaCl, 1 mM DTT) in MonoQ buffer A. The column was then washed 

with 2 CV of 2.5% MonoQ buffer B, then eluted with a linear gradient from 2.5–50% 

MonoQ buffer B. Spc1101–276 SpyCatcher and -SpyTag typically elute at approximately 17 

mS/cm and 9 mS/cm conductivity, respectively. The concentration of the pooled fractions 

containing Spc1101–276-SpyCatcher or -SpyTag were measured using Bradford protein assay 

reagent (Bio-Rad) using a BSA standard curve, then combined in a 1:1 molar ratio with 

the addition of TEV protease to cleave the His-tags. After 1 h, the Spc110 covalent adduct 

was further purified by size exclusion chromatography on S200 HiLoad 16/600 Superdex 

200 pg (Cytiva) equilibrated in HB150 + 10% glycerol. Fractions containing undegraded 

Spc110 covalent adducts were then pooled, centrifugally concentrated, flash frozen in liquid 

nitrogen, and stored at −80 °C.

Prior to crosslinking, the protein was first buffer exchanged into HB100 buffer (40 mM 

HEPES, 100 mM NaCl, pH 7) using Pierce Polyacrylamide Spin Desalting Columns 

(Catalog number: 89849, Thermofisher, Scientific). A 200 μL crosslinking reaction was 

made by mixing 23.6 uL desalted Spc110 (42 μg total protein) with 169.6 μL HB100 and 

adding 6.8 μL 14.5 mM BS3 (in HB100). The reaction was allowed to proceed for 2.5 

minutes in an Eppendorf thermomixer at 21°C shaking at 1,000 rpm after which 50 uL 

was quenched by transfer to fresh 1.5 mL Eppendorf tube containing 5 μL 1M ammonium 

Hoopmann et al. Page 7

J Proteome Res. Author manuscript; available in PMC 2024 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bicarbonate plus 1 μL 2M β-Mercaptoethanol. 18 μL of crosslinked protein was loaded onto 

an SDS-PAGE gel (Biorad, Any kD Mini-PROTEAN TGX Precast Protein Gel; catalogue 

number 4569033) and run according to the manufacturer’s instructions. A single band 

corresponding to the crosslinked Spc110 dimer was excised from the gel and subjected to 

in gel digestion using the following procedure. The gel band was cut into small pieces 

and washed with 200 μL water followed by 200 μL 50% acetonitrile 25 mM ammonium 

bicarbonate for five min followed by 200 μL acetonitrile for 1 min. Solvent was removed 

and the sample dried on a speed vac and reconstituted in 50 μL of 25 mM ammonium 

bicarbonate containing 10 mM TCEP and incubated at 60oC for 1 hour. Excess liquid was 

removed and 50 μL of 25 mM ammonium bicarbonate containing 10 mM iodoacetamide 

was added and the sample incubated in the dark for 20 minutes. The sample was washed 

with 400 μL followed by 200 μL 50% acetonitrile 25 mM ammonium bicarbonate for 

five min followed by 200 μL acetonitrile for 1 min. Solvent was removed and the sample 

dried on a speed vac. The sample was reconstituted in 20 μl of 0.01 μg/ul promega trypsin 

in 25 mM ammonium bicarbonate. Additional 25 mM ammonium bicarbonate was added 

sufficient to cover the gel slice and the sample was digest overnight at room temperature. 

After digestion excess solution was removed and transferred to a new 1.5 mL Eppendorf 

tube. 50 μl acetonitrile was added to the gel slice, vortexed and removed and combined 

with the solution in the 1.5 mL tube. 50 μl 60% acetonitrile 0.1% formic acid was added, 

vortexed, removed and combined. The solution in the 1.5 mL tube was then dried in a speed 

vac and reconstituted in 20 μl 0.1% formic acid. 3 μl of this solution was injected onto on a 

QExactive HF (Thermo Fisher Scientific) mass spectrometer run in data dependent mode as 

described above.

Crosslinking Benchmark Standard

Additional analyses were performed using a previously published ground truth crosslinking 

dataset.34 These data are available via ProteomeXchange with identifier PXD014337.

Computational Data Analyses

All raw mass spectrometer data files were converted to mzML using msconvert (--mzML 

–zlib –filter “peakPicking true 1-“ –filter “zeroSamples removeExtra”) from ProteoWizard35 

prior to analysis. All computational analyses were performed using Kojak version 2.0 within 

the Trans-Proteomic Pipeline using the automated decoy sequence generation described 

above. Parameters for each tool for each analysis are provided in Supplementary Table 

1. Kojak is available in standalone format at http://kojak-ms.org and bundled with the 

TPP at http://www.tppms.org. Novel data acquired for this study have been deposited 

to the ProteomeXchange Consortium via the PRIDE36 partner repository with identifier 

PXD037492.

Results

The newest features of Kojak 2.0 were explored using a ground truth dataset.34 In this 

dataset, crosslinking was performed between twelve sets of synthesized peptides belonging 

to S. pyogenes Cas9. Crosslinking only occurred between peptides within a set, and sets 

consisted of seven to nine peptides. By design, all possible crosslinks are known beforehand, 
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and incorrect results are CSMs that contain a non-Cas9 peptide, or are Cas9 peptides from 

two different groups. Peptides were crosslinked with either DSS or DSSO.

Data were searched using Kojak 2.0 for CSM identification and validated using 

PeptideProphet and iProphet. A CSM probability cutoff of 0.9 was set, which gave an 

estimated <1% FDR. For the DSS-linked results, the searches of the data from three 

replicate injections were combined prior to validation, then CSMs were tallied from each 

replicate following validation. The number of correct and incorrect CSMs found in each 

replicate are reported in Table 1. These numbers met or exceeded the published results of 

this dataset at this error threshold, with an observed error rate that remained below the 

estimate. That same study also identified 157–265 CSMs per replicate with StavroX and 

312–438 CSMs per replicate with Xi at a 1% FDR threshold.34 pLink identified 585–644 

CSMs at a 1% FDR threshold, but with error rates in excess of the threshold in all replicates, 

including higher than 4% in one replicate. The CSMs were then grouped by unique peptide 

combinations, as correct CSMs are likely to be redundantly observed while incorrect CSMs 

tend to be random pairings. Here the number of unique crosslinks (156–166 per replicate) 

were again similar or better to previously published results, with notably better error rates. 

Across all three replicates, the observed error rate was 1.62%, which, though higher than 

the CSM-level error threshold, is expected and remained low. For comparison, StavroX 

identified 90–124 unique CSMs per replicate at error rates of 0–3.1% and Xi identified 

141–163 unique CSMs at error rates of 1.4–3.0%. pLink identified 189–218 unique CSMs 

per replicate, but with error rates of 4.0–11.6%, well in excess of the desired 1% threshold. 

This same study also reported unique CSM results for an earlier version of Kojak, but using 

a 5% FDR threshold, and found 120–128 CSMs per replicate at error rates of 1.4–3.2%.34 

Overall, Kojak 2.0 with PeptideProphet and iProphet analysis showed high sensitivity and 

accuracy in its results.

Next, the search was performed on the DSSO-linked data from the same benchmarking 

standard to showcase the new cleavable crosslinking analysis features of Kojak 2.0. Here 

two sets of parameters were compared, either using the new cleavable cross-linking settings 

or not. All other parameters remained identical during the analysis. To replicate the 

stringency level of the analysis from the original publication, a larger, more challenging 

sequence database was used that contained the singular S. pyogenes Cas9 sequence, plus 

more than 100 additional sequences from the CRAPome.37 A CSM probability cutoff of 

0.9 was set, which gave an estimated <1% FDR. Using cleavable crosslinker optimizations 

showed an increase in the number of correct CSMs detected in the analysis, though an 

increase in the error rate was observed (Table 2). When looking at the unique crosslinked 

peptide pairs, the cleavable crosslinker optimizations more than doubled the number of 

correctly identified crosslinks. The observed error rate among unique crosslinked peptides 

was higher than the desired 1% threshold set at the CSM-level, as expected, though the 

number of correct crosslinks identified (216) was greater than the previously published 

results, and often at lower error rates. For example, XlinkX found 128 unique crosslinked 

peptides at a 29% error rate, and MeroX-RiseUP mode found 149 unique crosslinked 

peptides at 11% error rate. MeroX-Rise mode found 124 unique crosslinked peptides, but at 

a notably low 0.8% error rate.34
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To illustrate Kojak 2.0 and PeptideProphet/iProphet validation with protein complex 

analysis, mass spectrometry data from bovine Arp2/3 complex crosslinked with BS2 or 

DSS were analyzed. A larger protein sequence database consisting of seven Arp2/3 complex 

subunit sequences and sixty bovine and human contaminant sequences was used in the 

analysis. Decoy sequences were produced in Kojak using the new decoy database generation 

feature. Following Kojak 2.0 and PeptideProphet/iProphet analysis, CSMs were uploaded to 

ProXL38 and visualized by mapping to PDB structure 3UKU (Figure 1). When viewing the 

DSS results, at a 1% FDR estimated from the iProphet probability scores on the CSMs, 57 

unique crosslinked residue pairs were mapped to six of the seven protein subunits (Figure 

1A). All but one were within the expected crosslink distance restraints of 35 Å, with 51 of 

them falling within 25 Å. A distance density plot (Figure 1B) compares the observed CSM 

distance restraints compared to the set of all possible distance restraints obtainable from 

the structure, and shows the validated CSMs to belong solely to the small fraction of all 

possible CSMs that are within the expected distance restraints for DSS. The same analysis 

was repeated with the shorter crosslinker, BS2, and 35 unique crosslinks were identified 

(Figure 1C), and all but three were within a 30 Å distance restraint threshold across all seven 

ARP2/3 subunits. The three outliers were only slightly beyond the threshold (all less than 

36 Å), and the distribution of CSMs shows a bias towards short distance restraints when 

compared to the distribution expected from randomly assigning linked residues (Figure 1D). 

Together, these results show high conformity between prophet validated CSMs identified 

with Kojak and crystal structures.

Homodimers, and by extension homomultimers, are often difficult to study by typical 

XL-MS because it is unclear whether or not the two interacting peptides originate from 

the same or different subunits. A solution is to mix 15N-labeled and unlabeled forms of 

the identical subunits and identify XL interactions between subunits as a mix of labeled 

and unlabeled peptide sequences. The observation of both 15N-labeled and unlabeled 

fragment ions for two peptides crosslinked together provides spectral evidence that the 

crosslinked peptides originated from different protein subunits. The S. cerevisiae gamma 

tubulin small complex binds to the nuclear face of the spindle pole body via interaction 

with the dimeric coiled-coil protein Spc110. Identification of interacting domains between 

the two Spc110 subunits was performed by mixing unlabeled and 15N-labeled Spc1101–276 

protein. To maximize the likelihood of forming a heavy-light dimer, the SpyCatcher-

SpyTag system39 was used. Unlabeled Spc1101–276-SpyTag was produced and purified. 
15N-Spc1101–276-SpyCatcher was produced and purified separately. Spc1101–276-SpyTag 

and 15N-Spc1101–276-SpyCatcher were then mixed. Dimers subsequently formed between 
15N-Spc1101–276-SpyCatcher and unlabeled Spc1101–276-SpyTag are permanently trapped 

by formation of a covalent bond between the SpyCatcher and SpyTag. In this way samples 

were selectively enriched for Spc1101–276 dimers between 15N and unlabeled Spc110 

subunits. Crosslinked spectra database searching with Kojak 2.0 was performed using a 

FASTA sequence database with two instances of the Spc110 sequence; however, one was 

annotated with a unique identifier to indicate all its peptides have additional mass due to 

the excess of 15N. CSMs were validated with the prophets and uploaded to ProXL for 

visualization (Figure 2). Crosslinks were plotted following a CSM probability threshold of 

0.9 (<1% FDR estimation) and high frequency in the coiled-coil region of Spc1101–276, 
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which includes residues 164–276 of each subunit (Figure 2A). Self-links were found as 

well (i.e. unlabeled-to-unlabeled and 15N-to-15N peptides, Figure 2B), as expected when 

the crosslinker binds to two locations on the same subunit. These types of crosslinks were 

distributed across the entirety of the dimer, in contrast to the mixed-label crosslinks that 

indicate interaction between two subunits.

Discussion

Kojak 2.0 has been improved through code optimization and new feature implementation. 

Combined within a large data processing suite, it reflects the diversity of new technology 

and analyses available for XL-MS, particularly cleavable crosslinker and 15N-labeled 

homomultimer analyses. However, regardless of the nature of the crosslinking study, 

accurately estimating the error rate of the results is critical to the success of any XL-MS 

study. Kojak does not report error rates in its results by design, instead requiring use of the 

existing tools for such tasks. Kojak 2.0 now includes the ability to generate decoy sequences 

on-the-fly, to facilitate target-decoy validation strategies employed by many tools for error 

estimation. Previously, we have shown how to use Percolator40 for CSM validation.16 

Here, we have integrated Kojak 2.0 into the Trans-Proteomic Pipeline to make use of 

PeptideProphet and iProphet for CSM validation. This versatility is meant to make Kojak 

extensible to still other validation tools (e.g., XiFDR19), and pipelines. These tools have 

different capabilities that can be tailored to the needs of the study. For example, Percolator 

is, as of the time of this writing, best for use only at the CSM-level, while iProphet extends 

error estimation to the peptide level. These levels might be sufficient for small studies, but 

large-scale analyses such as whole cell linking require even stronger thresholds and tools 

appropriate for them.18,21 The plug-and-play nature of Kojak 2.0 makes it easy to adapt to 

the different tools required for XL-MS analysis at any scale.

It is important to note that beyond the scope of the latest features presented here, 

Kojak 2.0 remains open source and supporting open formats. Upon initial release, Kojak 

supported mzXML and mzML for input, and provided tab-delimited output. Because 

many existing tools for both preprocessing and post-processing of searched spectral 

data require specific formats, Kojak 2.0 was extended to support MGF for input and 

pepXML30 and mzIdentML41 for output. These additional formats allow for the integration 

of Kojak into existing pipelines,30,38,42,43 as well as facilitate integration to future pipelines. 

Such adaptations are particularly beneficial over all-in-one software suites, particularly if 

tools exist elsewhere that offer tangential features, such as spectral preprocessing, CSM 

validation, and results visualization that exceed the capabilities contained within any single 

software suite. We expect this versatility empower users in the analysis of particularly 

difficult datasets, while still providing a fast and simple interface accessible to anyone for 

use in most crosslinking analyses.

Conclusions

Kojak 2.0 offers many new features and capabilities for XL-MS data analysis. Because it is 

open source and adheres to open data formats and standards, it is easily incorporated into 

computational pipelines. We have demonstrated several of these new features and shown 
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how, through use of the TPP, Kojak can be integrated into a robust pipeline for crosslinked 

peptide identification and validation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structural views and crosslink distance restraint distributions for bovine Arp2/3 complex 

crosslinked with DSS (A and B) and BS2 (C and D). Crosslink distances are colored to 

represent Cα Lys-Lys distance constraints within 25 Å (green), 35 Å (yellow), and >35 Å 

(red) for DSS, and 20 Å (green), 30 Å (yellow), and >30 Å (red) for BS2. The distribution of 

observed unique distance restraints (UDRs) versus all possible UDRs are shown in panel B 

for DSS and panel D for BS2.
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Figure 2. 
Crosslink distribution between unlabeled Spc-1101–276 (teal) and 15N-Spc-1101–276 (red). 

Potential sites of crosslinker binding are marked at each position and observed crosslinks 

as the arcs connecting two positions. Crosslink line weight indicates frequency of observing 

the interaction. (A) Inter-protein crosslinks most heavily connect the coiled-coil regions of 

the homodimer (residues 164–276). (B) Self-crosslinks within each subunit are distributed 

across the entire sequence.
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Table 1:

Kojak identified DSS-crosslinked CSMs at PeptideProphet/iProphet estimated <1% error rate (CSM-level).

1% Estimated Error Rate (CSM-level)

Correct (CSMa) Incorrect (CSM) Error Rate (CSM) Correct (XLb) Incorrect (XL) Error Rate (XL)

R1 405 2 0.49% 156 2 1.27%

R2 539 3 0.55% 166 2 1.19%

R3 490 1 0.20% 165 1 0.60%

Total 1434 6 0.42% 182 3 1.62%

a
Results are evaluated for each CSM above the 0.9 probability threshold.

b
Multiple CSMs to the same crosslinked pair of peptides are combined and results are evaluated for each unique crosslinked peptide pair.
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Table 2:

Additional Kojak CSMs identified from DSSO cleavable crosslinker analysis at PeptideProphet/iProphet 

estimated <1% error rate (CSM-level).

1% Estimated Error Rate (CSM-level)

Correct (CSMa) Incorrect (CSM) Error Rate (CSM) Correct (XLb) Incorrect (XL) Error Rate (XL)

DSSO 760 3 0.39% 88 3 3.30%

DSSO, Cleavable 2261 37 1.61% 216 13 5.68%

a
Results are evaluated for each CSM above the 0.9 probability threshold.

b
Multiple CSMs to the same crosslinked pair of peptides are combined and results are evaluated for each unique crosslinked peptide pair.
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