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Abstract

Protein cross-linking mass spectrometry (CL-MS) enables the sensitive detection of protein
interactions and the inference of protein complex topology. The detection of chemical cross-links
between protein residues can identify intra- and inter-protein contact sites and/or provide physical
constraints for molecular modeling of protein structure. Recent innovations in cross-linker design,
sample preparation, mass spectrometry and software tools have significantly improved CL-MS
approaches. Although a number of algorithms now exist for the identification of cross-linked
peptides from mass spectral data, a dearth of user-friendly analysis tools represent a practical
bottleneck to the broad adoption of the approach. To facilitate the analysis of CL-MS data, we
developed CLMSVault, a software suite designed to leverage existing CL-MS algorithms and
provide intuitive and flexible tools for cross-platform data interpretation. CLMSVault stores and
combines complementary information obtained from different cross-linkers and search algorithms.
CLMSVault provides filtering, comparison, and visualization tools to support CL-MS analyses,
and includes a workflow for label-free quantification of cross-linked peptides. An embedded 3D
viewer enables the visualization of quantitative data and the mapping of cross-linked sites onto
PDB structural models. We demonstrate the application of CLMSVault for analysis of a non-
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covalent Cdc34-ubiquitin protein complex cross-linked under different conditions. CLMSVault is
open source software (available at https://gitlab.com/courcelm/clmsvault.git) and a live demo is

available at http://democlmsvault.tyerslab.com/.
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INTRODUCTION

Protein interactions orchestrate virtually all biological processes as required for cells to
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grow, divide, differentiate and respond to extracellular signals 1. Protein interactions may be
extremely stable, as in the case of subunits of protein machines such as RNA polymerases or
the ribosome. Regulatory interactions are typically much weaker, readily reversible and are

typically controlled by post-translational modifications such as phosphorylation or

ubiquitination. In order to understand the basis for cellular regulation, it is essential to detect
protein interactions and to determine the structural contacts between proteins in both stable
complexes and more transient regulatory contexts.

While many different experimental approaches are available to identify and characterize

protein interactions, — including the yeast two-hybrid system, affinity purification mass

spectrometry (MS), fluorescence-based methods, X-ray crystallography, NMR spectroscopy,
and electron microscopy — the detection of weak interactions remains an important challenge
2,3 Among various MS-based methods, cross-linking mass spectrometry (CL-MS) holds

promise for the capture and detection of weak protein interactions and/or to reveal

topological information on intra- and inter-protein contact sites. In this approach, purified

protein complexes are treated with reactive bi-functional chemical cross-linkers to form

covalent linkages between spatially proximate amino acid residues, followed by digestion
with different proteases and mass spectrometric detection of cross-linked peptides. Protein
cross-links provide distance constraints for the modeling of protein structures and have been

used to infer the structure and dynamics of ribosome assembly 4, RNA polymerase 11

architecture °, the INO80 chromatin remodeling complex 6, and protein phosphatase 2A
complexes 7. CL-MS holds the prospect of determining protein interactions on a proteome-
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wide scale in complex cell lysates, and proof-of-concept results have been obtained in
bacteria, nematodes, and humans & °.

A variety of cross-linkers with different reactivities and lengths have been used to obtain
complementary structural information 10, More sophisticated cross-linkers have been
devised to facilitate the acquisition and interpretation of cross-linked peptide MS/MS
spectra, including linkers that incorporate an isotopic label, cleavable linkage, biotin tag,
photo-reactive group, or reporter ions. This diversity of cross-linker reagents has led to the
development of several specialized algorithms that recognize specific properties to identify
cross-linked peptides from MS/MS spectra 11 12, In the simple case of non-cleavable cross-
linkers, algorithms consider fragments from two peptides linked by the residual mass of one
cross-linker molecule. The theoretical mass search space is the square of the total number of
possible peptides, which becomes computationally limiting for systematic pairwise searches
of large numbers of peptides. One solution to this problem is to match patterns
corresponding to one linear peptide followed by identification of the second peptide such
that all possible pairs need to be considered for identification of the cross-linked pair. This
feature was implemented in Kojak 13, pLink 8 and Xi 5 14 algorithms. In general, none of
these strategies allow for multiple cross-links per peptide pair such that potentially useful
data is discarded from the search process. For isotope-labeled cross-linkers, the doublet peak
signals of the light and heavy cross-linkers in the MS spectrum is used by the xQuest
algorithm 15 to narrow the search inter-peptide cross-links. Algorithms designed for
cleavable cross-linkers, such as X-links 16 and Blinks 17 search for two modified linear
peptides and a precursor mass that matches the sum of peptide masses plus the cross-linker
mass, thereby circumventing the complex spectrum of the cross-linked peptide itself. False
discovery rate (FDR) estimation based on the target/decoy database strategy was adopted for
cross-linked peptides. FDR computations are either built in with the search engine in some
case 818 or provided as a separate tool (xProphet!®, xiFDR1®, Percolator!3: 20),

Currently, there are only a few software tools available to pursue the analysis of identified
cross-links to study protein interaction or structure. xiNET 21, XlinkDB 22, and ProXL DB
23 tool can generate a cross-link map/protein network. The XlinkDB 22 software can also
query reference database for reported interaction. Tridimensional visualization on protein
model is possible using Hekate 24, Xlink Analyzer 23, XlinkDB 22, and ProXL DB 23 each
of which calculates the Euclidian distance between cross-linked residues to indicate whether
a cross-link violates the maximum expected distance for the cross-linker used. Xwalk 26
uniquely calculates a solvent accessible surface distance. XlinkDB 2 27 now integrates a
modeling workflow to propose protein complex structure based on cross-link length
constraints. XlinkDB 22 and ProXL 23 are two integrated analysis platform for cross-links
analyses.

Another issue, related to CL-MS analyses, is the complexity associated with data processing
for quantification. Non-standardized file formats provided by identification software are not
directly compatible with existing quantitative proteomics software tools, and only a limited
number of data processing workflows have been created for this purpose. Recently,
Maxquant decoupled protein identification and quantification steps to allow quantification of
cross-links 28. Previous reports used manual peak area integration for label-free
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quantification 29 or MassChroQ for isotope-labeled cross-link quantification 30, The XiQ 31
and xTract 32 algorithms are the only tools specifically developed for the quantification of
isotope-labeled cross-linkers. xTract also has the capability for label-free quantification.

To address the need for integrative analysis of CL-MS data, we developed a new software
tool suite called CLMSVault that combines important functionalities for analysis of cross-
linked peptides. CLMSVault serves as a local repository for CL-MS data and is able to parse
and compare search results from five different search algorithms. CLMSVault adds three
new unique features to complement current CL-MS analyses. First, it aggregates cross-link
identifications from different cross-linkers and/or search algorithms in order to provide
additional restraints for protein complex models. Second, CLMSVault provides a label-free
quantification workflow for cross-linked peptides across each supported search algorithms
and allows the visualization of cross-link abundance between experimental conditions.
These differences can be either visualized as a simple list, as a cross-link map with xiNET 21
or in a new 3D cross-link viewer based on PDB structural models. Third, CLMSVault
supports data dissemination of interaction data in the open PSI-MI TAB and XML file
formats. We demonstrate the capabilities of CLMSVault on new cross-link data for a non-
covalent complex between the Cdc34 ubiquitin-conjugating enzyme and ubiquitin.
CLMSVault thus enables the analysis and interpretation of cross-linked mass spectrometry
datasets.

SOFTWARE DESIGN AND FUNCTIONALITIES

The CLMSVault data processing workflow and functionalities are summarized in Figure 1.
An overview of the graphical user interface is provided in Figures S-1 and S-2. CLMSVault
is implemented using the Python web framework Django (Django Software Foundation).
CLMSVault can be installed on a local workstation or a remote server and accessed via
common web browsers (tested on Chrome, Firefox, and Internet Explorer). Local installation
is a lightweight bundle for quick deployment and portability that is based on SQL.ite for
database storage. For multiple users and large datasets, CLMSVault should be installed on a
dedicated server for best performance. Server deployment requires a pre-installed web server
(e.g. Apache) and a relational database (e.g. MySQL, PostgresSQL). CLMSVault has been
successfully tested on a Windows 7 workstation and Linux server (Ubuntu 14, Intel Xeon 2
GHz, 1 GB RAM). The application is user/password protected for one group of users.
CLMSVault is fully open source and available to download at https://gitlab.com/courcelm/
clmsvault.git. A manual was written to provide guidance how to use CLMSVault and to
present the user interface for major functionalities (see the supplemental material or see the
code source for the latest version).

Datasets import, export, and processing

CLMSVault currently supports dataset import from five search algorithms. Custom result
parsers were written for Kojak 13, pLink & and Xi > 14 for label-free cross-linkers and xQuest
15 for isotopically labeled cross-linkers. To detect inter-protein cross-links from protein
homodimers, 4N15N DXMSMS match software 33 search results can be imported for cross-
linked 14N1°N labeled proteins. The CLMSVault data model supports storage of intra-, inter-
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protein cross-links and dead-end peptides. Users may specify any custom protein sequence
database for data analysis in CLMSVault. Protein sequence databases used for MS/MS
interpretation should be supplied as FASTA files to allow visualization of cross-links at a
later stage.

Abundance fold changes or log fold changes for cross-linked peptides can be imported into
CLMSVault with a simple CSV file for visualization and filtering. Results can thus be
imported either from any quantification software tools with minimal reformatting or directly
from the xTract label-free quantification workflow. CLMSVault automatically formats cross-
link identifications as a compatible input format for xTract, and imports abundance change
outputs.

Once imported by the user, the raw dataset can be either browsed or processed. Browsing
offers a table view of cross-linked peptides with several actions, filters, search and sorting
functionalities (see Figure S-1). Permanent filters can be applied to peptide lists through the
creation of processed datasets generated either by a semi-supervised learning approach
implemented in Percolator as recently proposed for cross-linked peptides 13 or by user-
specified filtering criteria to produce a cross-linked peptides sub-dataset. Processed datasets
can be merged to combine complementary results from different experiments, cross-linkers
or search algorithms. It is recommended to filter each dataset before merging if their FDR
level could be different and if search algorithms scoring schemes are compatible for
filtering.

For dissemination of protein interaction data across public databases, such as BioGRID 34
and IMEx 35, users can export data as either PSI-MI TAB or XML 2.5 files.

Statistics, visualization, and comparison tools

Different analysis tools were integrated into CLMSVault to assess dataset quality after
filtering and to provide an overview of identifications for each analysis or an entire dataset.
A simple report with cross-links count (intra, inter, dead-end) and FDR level can be
generated. For example, this can be used to find the optimal conditions (e.g. cross-linking
reaction, digestion, chromatography, MS, data processing) that yield the highest number of
high confidence cross-links. MS/MS spectrum of each identified cross-link can be manually
validated using the integrated xiSPEC spectrum viewer (Rappsilber laboratory, http://
spectrumviewer.org).

To visualize protein complex organization, the xXiNET software 2! was integrated to
CLMSVault for access without any file manipulation. xiNET draws interactive protein
interaction networks and cross-link maps in two dimensions. It was modified to visualize
cross-links with a color gradient based on cross-linked peptide score from a single search
tool dataset (Figure 4A). For 3D visualization of cross-links on protein structural models, we
developed an interactive viewer based on JSmol 36. A PDB model can be manually uploaded
by the user or automatically retrieved from the RCSB protein data bank 37. Identified cross-
linked peptides are mapped to the protein model using a three-step algorithm (Figure 2): 1)
match corresponding protein sequences between MS and PDB by sequence identity, 2) map
identified cross-linked peptides positions on PDB model, and 3) locate cross-linked residues
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positions. This algorithm is tolerant to positional shifts between protein models and MS/MS
search protein sequences, missing parts, and residue substitutions. Homologous protein
models can be used if protein sequence similarity is sufficient for accurate sequence
alignment. The cross-link 3D viewer user interface provides the protein model overlaid with
identified cross-links and a complete list of cross-linked residues (Figure S-2). Each cross-
linked residue can be highlighted to reveal their position. This feature is particularly useful
to locate a cross-linked residue where only a single residue of the cross-linked pair is
mapped to the model (e.g. a protein missing from the model). It is also possible to highlight
dead-end link to reveal information about solvent accessibility. The viewer also displays a
histogram of the distributions of cross-link Ca inter-residues Euclidian distances
accompanied by a Mann-Whitney rank test to assess whether cross-link distances are shorter
than expected by chance (Figure S-2C). The inter-residue distance histogram reports four
different distributions: 1) all, 2) minimum, 3) selected and 4) random. Selecting “All”
displays all possible distances, including multiple mapping of the same cross-linked peptide
at different positions or proteins. Multiple mapping of a single cross-link in a homo-dimer
protein complex model has four possible distances (2 intra-proteins and 2 inter-proteins)
since the model is not symmetric. In the case of an intra-protein cross-link, distances may be
within the maximum expected distance for intra-protein mapping but can be exceeded when
considering inter-protein mapping. This situation affects the shape of the distribution and
wrongly suggests that many cross-links are not consistent with the model. To avoid this
situation, the “minimum?” distance distribution (e.g. minimum distance per cross-link
retained) can be displayed. Given that detected cross-links can be interactively selected for
display on the model by the user, their “selected” distance distribution is simultaneously
updated. The last distribution plotted is a “random” distance distribution for comparison
against the detected cross-links. The user can select the appropriate cross-linkable residues
based on the cross-linker and search engine parameters for sampling the random distribution
(e.g. DSS: K or KSTY). The minimum distances distribution is compared a thousand times
with a random selection of equal cross-links using the Mann-Whitney rank test to determine
if it is significantly different. This test verifies if the two samples means are equals or not. It
was selected because the observed and random cross-links distance distributions are not
normal. With the integrated xXiNET application and our new 3D cross-links viewer,
CLMSVault provides two complementary visualization tools to display cross-link locations
in both 2D and 3D.

For quantitative comparisons of cross-linked peptide abundances, the fold change of cross-
linked peptides between different experimental conditions can be imported and filtered
within CLMSVault. These quantitative comparisons may also be visualized with the
modified XiNET or on the 3D viewer, which display each cross-link with a color gradient
based on fold change in abundance. The gradient is scaled automatically with minimum or
maximum values or can be manually defined in the user interface.
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EXPERIMENTAL METHODS

Cdc34-ubiquitin cross-linking analysis

Cdc34ACAT (residues 7-184) was produced in bacteria as previously described 38 and His-
tagged ubiquitin was obtained from Boston Biochem. Disuccinimidyl suberate (DSS,
Sigma-Aldrich) cross-linking reactions were performed by incubating 25 uM of Cdc34A, 25
UM of His-tagged ubiquitin and 1 mM cross-linker in reaction buffer (20 mM HEPES, pH
7.5) for 30 min at 22°C. For the quantification example under denaturing condition, sodium
laurate detergent was added to a concentration of 1% before initiating the cross-linking
reaction. Three cross-linking reactions were done for both the control and detergent
condition on the same batch of proteins. Reactions were stopped by the addition of
ammonium bicarbonate solution to a final concentration of 50 mM. Samples were reduced
with TCEP (Thermo Scientific) and alkylated with 2-chloroacetamide (Sigma-Aldrich) in
two steps, both at 5 mM for 20 min at 37°C with shaking. Free cross-linker, reducing and
alkylating agents were removed using a Nanosep 3K spin device (Pall) and replaced with a
fresh solution of 50 MM ammonium bicarbonate. Samples were digested at a 1:100 w/w
ratio with sequencing grade modified trypsin (Promega), acidified with TFA (Sigma-
Aldrich) to stop the digestion, and dried in a SpeedVac. Dried samples were resuspended in
0.2 % formic acid (EMD) before LC-MS/MS analysis on a Q-Exactive Plus mass
spectrometer coupled to an Ultimate 3000 binary RSLCnano UHPLC instrument (Thermo
Scientific). Peptides were loaded on an EXP Stem Trap column (0.36 mm x 13.5 mm,
HALO ES-C18 2.7 um, Optimize Technologies) and separated using an in-house packed
analytical column (15 cm x 150 pm, Jupiter 3um, C18, 300 A, Phenomenex) and a linear
gradient of 5-40 % aqueous acetonitrile (0.2 % formic acid) in 45 min. MS instrument
parameters were the following: electrospray ionization voltage 3.6 kV, MS1 resolution
(70,000), MS1 AGC (1e6), MS1 maximum injection time (100 ms), MS1 scan range (300—
1500 m/z), MS2 resolution (35,000), MS2 AGC (5e5), MS2 maximum injection time (120
ms), loop count (12), isolation width (1 m/z), NCE (27), underfill ratio (2.5 %), charge
exclusion (<= 2 and >= 8) and dynamic exclusion (10 s).

Raw MS/MS data were pre-processed with MaxQuant 1.3.0.5 to create APL peak list files.
Precursor masses were recalibrated, the top 20 peaks per 100 Da were retained, and de-
isotoping was disabled for MS/MS processing. APL files were then submitted to Xi for
cross-linked peptide identification. A custom protein sequence database containing
Cdc34ACAT (residues 7-184) and ubiquitin was used for Xi searches. Decoy entries were
generated automatically by Xi. Mass tolerance was set to 6 ppm for both precursor and
fragment masses. Carbamidomethyl (C) and oxidation (M) were added as variable
modifications. DSS mass shift was set to 138.0681 Dalton, and reactive residues were
restricted to [K, S, T, Y]. Xi results were exported in CSV file format and uploaded to
CLMSVault for analysis (available on the demo site). The final list of cross-linked peptides
was obtained by applying Percolator with a g-value filter <= 0.001.

Cross-link identifications were first formatted with CLMSVault to the CSV format prior to
label-free quantification using xTract (v1.0.1). Identifications and MS raw files from the
three cross-linking replicates for each experimental condition were used for quantification.
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Default xTract parameters were used for quantification. Cross-links with absolute fold
change < 2 and with t-test significance < 0.05 were imported into CLMSVault for
visualization.

RESULTS AND DISCUSSION

CLMSVault workflow and functionality

The CLMSVault data processing workflow is divided into four steps: 1) import and storage,
2) filter and merge, 3) data analysis and 4) data export (Figure 1). The first step extracts
cross-linked peptide identifications from search outputs and stores these in a relational
database for subsequent analyses. To accommodate various cross-linker features,
CLMSVault integrates search outputs from different search engines that use label-free
(Kojak, pLink, and Xi), stable isotope (xQuest) or 14N1°N (14N15N DXMSMS match)
labeled proteins. In the second step, different filtering criteria are applied to retrieve
confident identifications and remove data redundancy for subsequent analyses. Report with
cross-linked peptide count and FDR level is generated to assess dataset quality and report
global changes in detected cross-links. Visualization tools such as xXiNET and the
CLMSVault cross-link 3D viewer can be used to observe cross-linked positions within a
structural model. For comparative studies, identified cross-link lists can be inspected side-
by-side to view multiple datasets or visualized quantitatively in XiNET or the 3D viewer, as
illustrated below for the Cdc34-ubiquitin case example. These comparative tools can thus
indicate regions that undergo conformational changes upon binding of another protein or
small molecule. Finally, the last step in the workflow is the export of cross-link data for
further analysis. Protein interactions can be exported to PSI-MI TAB or XML format for
deposition in public databases such as BioGRID 34 or IMEx 3°. Overall, the CLMSVault
workflow provides versatile input, processing, and visualization features to analyze various
CL-MS experiments.

Feature comparison against other processing pipelines

A few research groups have developed and published in-house platform for cross-links
analysis. Since each one has been tailored for specific internal needs, they include different
sets of tools. We have thus compared here CLMSVault features against two others platforms:
XlinkDB, and ProXL DB (Table S-1). Common to all is a web user interface that allows
cross-platform and remote access. CLMSVault and ProXL DB can be both installed on
premise while the latest version of XlinkDB is only available remotely. Dataset import is
performed with a simple custom tab-delimited text file in XlinkDB while CLMSVault and
ProXL DB directly use the output files of multiple search algorithms. The latter two
platforms thus store more details of CL-MS data set. ProXL DB also uses its own XML
format for import/export. For dissemination of protein interactions to public databases,
CLMSVault is the only tool that allows export to PSI-MI TAB and XML formats.
CLMSVault and ProXL DB allow filtering of the cross-linked peptide to control false
positive identification and to select a subset of data for downstream analysis. All platforms
provide 2D and 3D visualization tools. Features unique to XlinkDB are the possibility to
report known protein-protein interactions from IntAct 3%/EciD 40 databases and to generate
protein complex modeling. ProXL DB can report the type of secondary structure and if
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cross-links are located in disordered regions. This platform and CLMSVault integrate a
spectrum viewer. The CLMSVault 3D viewer also has distinctive features. Our mapping
algorithm has the advantage of tolerating mutations and is thus able to use models from
homologous proteins. A histogram also shows the distribution of distances between cross-
linked residues to verify consistency of cross-links with the model. Finally, CLMSVault
provides a unique visualization and comparison tools for quantitative proteomics that
facilitates the correlation of structural features between different conditions.

CL-MS analysis of the Cdc34-ubiquitin interaction

To demonstrate the data processing and visualization features of CLMSVault, we performed
CL-MS experiments on a low-affinity non-covalent complex between the E2 ubiquitin-
conjugating enzyme Cdc34 (a.k.a., Ube2R1) and ubiquitin. Cdc34 is the dedicated E2
enzyme for the cullin-RING (CRL) class of E3 ubiquitin ligases that target many hundreds
of proteins for rapid degradation by the proteasome 41. Ubiquitin is transferred to Cdc34 as
an activated thioester linkage and then conjugated to substrates in a fashion that depends on
a non-covalent interaction between a conserved hydrophobic patch on ubiquitin and the
ubiquitin donor site on the surface of Cdc34 38. This interaction between the catalytic
domain of Cdc34 and ubiquitin can occur in the absence of the thioester linkage but cannot
be detected by sensitive methods such as NMR 38. However, a recently described inhibitor
of Cdc34 acts by stabilization of the Cdc34 donor site-ubiquitin interaction, and has allowed
the X-ray structure of the complex to be determined #2. The Cdc34-ubiquitin interaction thus
serves as a test case for the sensitivity of cross-linking methods to capture weak protein
interactions and to map interactions onto a structural model.

Purified recombinant Cdc34cat and ubiquitin were cross-linked using the amine reactive
cross-linker DSS and analyzed on a Q-Exactive Plus mass spectrometer. MS/MS spectra raw
files were pre-processed using MaxQuant and then submitted to the Xi search engine to
identify cross-linked peptides. Xi results were imported into CLMSVault for post-processing
and data analysis. Selected filtering criteria were applied based on the protein database size,
cross-linker residue specificity and the search engine employed. We used Percolator to
separate true and false positive identifications, and only cross-linked peptides with a g-value
< 0.001 were retained. This stringent value was selected to avoid fortuitous matches in non-
cross-linked control samples. We noted for non-cross-linked samples that the 1,036 false
positive hits have been nearly eliminated by the Percolator filter. Redundant cross-link
identifications were removed before the analysis step (for each unique cross-linked residues
pairs, the best scoring entry was kept). These selection filters narrowed down the prospective
hit list to 23 and 96 inter- and intra-protein cross-links respectively. All unfiltered cross-link
data and unique filtered cross-link data are provided in Table S-2.

We subsequently verified that observed cross-links are consistent with the protein complex
model obtained by X-ray crystallography with the CLMSVault viewer. Out of the 119 cross-
links identified from our Cdc34/ubiquitin complex, we successfully mapped 89 (75%) to the
4AMDK model (Figure 3A). Cross-links not mapped are explained by missing N-terminal and
internal regions in the Cdc34 model. The CLMSVault cross-links 3D viewer was designed to
handle these missing regions and residues substitutions that are frequent in the protein
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model. It can also deal with homologous proteins if no model is available for the studied
species.

To verify that our cross-links results are in agreement with the model, we verified cross-links
inter-residue Euclidian distances distribution. It is expected that most inter-residue distances
should be consistent with the extended length of the cross-linker plus an extra length to
account for protein flexibility. For the DSS cross-linker used in this experiment, the
maximum Ca—Ca distance is 30 A 43. In our experiment, 81 of the 89 mapped cross-links
(91%) are within this limit and are consistent with the protein complex model 4MDK. The
eight remaining cross-links could be explained by protein flexibility, where lysine residues
can extend as far as 40 A, consistent with recent molecular dynamics study 3. The observed
distances distribution also differs significantly from the random distribution (Mann-Whitney
rank test, p-value < 6 x 1071%) (Figure 3B). Overall, CLMSVault helped us conclude that our
CL-MS results are in agreement with the X-ray crystallography protein complex model.

To demonstrate how CLMSVault can be used to visualize the dynamics of protein structures
and protein-protein interactions, Cdc34cat and ubiquitin were cross-linked in triplicates
under denaturing conditions (1% sodium laurate detergent). Cross-links abundance
variations measured by label-free quantification were obtained using xTract. Abundance
changes of cross-link peptides can be easily monitored in CLMSVault from either XiNET or
our 3D viewer (Figure 4). In the case of the Cdc34/ubiquitin protein complex, the addition
of detergent concentration led to a reduced number of inter-protein cross-links with
concurrent decrease and increase in intra-protein cross-links for Cdc34 and ubiquitin
respectively (Figure 4). In short, CLMSVault proposes a new, unique and easy way to
visualize quantitative changes of cross-link datasets to track structural changes.

CONCLUSIONS

CLMSVault is a novel platform that greatly facilitates the reporting and viewing of protein
cross-linking mass spectrometry datasets. It can use data from 5 different MS/MS search
engines. This provides a unique opportunity to aggregate results from different algorithms
and cross-linkers to extend constraints for modeling. CLMSVault provides integrated
storage, filtering, comparative and visualization tools for analyses of CL-MS datasets in a
single software. We developed a new interactive 3D viewer for cross-links with the unique
capability to highlight abundance changes between two different conditions. We also
integrated a processing workflow for label-free quantification of cross-linked peptides to
enable conditional and dynamic exploration of protein structures and interactions.
CLMSVault will facilitate dissemination of new protein-protein interactions discovered by
CL-MS to public databases using the PSI-MI standardized file format. Finally, CLMSVault
is an enabling tool to manage and analyze protein-protein datasets obtained from large-scale
cross-linking studies.
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Step 1 — Match MS and PDB sequences by alignments and apply protein identity cut-off
MS MHHGSLVPRSENLYFQGSPSSQKALLLELKGLQEERVEGFKVTLVDEGDLRNWEVA
PDB |------------------ PASQKALLLELAGLQEERVEGFAVTLVDAGDLRNWEVA

Protein identity: 0.91

Step 2 — Map cross-linked peptide positions in PDB model and apply peptide identity cut-off

NS MHHGSLPR SENIVFQGSPSSORANIIEIKGL OFE RVEGFKVTLVDEGDIRNIE A
Po; EEE— PASQRALIELAGLOE EREGEAVTIVDAGBIRNEVA

Peptide identity: 0.48 Peptide identity: 0.87

Step 3 — Extract corresponding cross-linked residues and calculate inter-residues distances

NS MHHGSLvPR SENIVFQGSPSSORATIIEIKGL OFE RVEGFRVTLVDEGDIRNE A
Po EEE— PASORALIIELAGLOE £ UEGRRVTVDAGBIRNEVA

Figure 2. Algorithm for automatic mapping of cross-linked residues on PDB model
This algorithm first finds corresponding sequences between the MS reference database and

the PDB model using sequence alignment to avoid protein identifier translation issues (step
1). A user-defined protein identity cut-off is then applied and matching proteins kept. Protein
sequence alignments are used as a guide to map cross-linked peptides on the PDB model to
avoid issues with positional shifts, point mutations or model truncation (step 2). This
algorithm allows for the use of any homologous protein models. Cross-linked residue
positions are finally extracted and their C,, distance is calculated (step 3). Yellow
corresponds to sequence mismatches, green to peptide sequences and red to cross-linked
residues.
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Figure 3. Visualization of identified cross-links on 3D protein complex model
A) Overlay of identified cross-links on the PDB model 4MDK: Cdc34 (blue) and ubiquitin

(pink). Cross-links are colored by their peptide score to indicate confidence in the cross-
linked peptide-spectrum match. Automatic labelling of cross-link inter-residue C distance
was removed for clarity. B) Euclidian distance distribution between cross-linked residues.
This distribution is used to verify that most cross-link distances are consistent with the
maximum expected length for the selected cross-linker (red dashed line for DSS). It is also
compared to a random distance distribution with a Mann-Whitney rank test to evaluate if it
is significantly different and to confirm that cross-links are not false-positive hits. These 2
panels are actual CLMSVault screenshots with minor modifications for enhanced print
reading.
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Figure 4. Visualization of cross-link abundance fold changes obtained by quantitative proteomics
Label-free quantification of cross-linked peptides with xTract was done to evaluate the effect

of 1% sodium laurate (SL) detergent solution on Cdc34/ubiquitin complex structure.
Variation in cross-link abundance can be visualized in CLMSVault with either the modified
XiNET (A) or our 3D viewer (B) with the fold change color scheme. Cross-links not
quantified were omitted for clarity. Cross-links with a t-test significance < 0.05 are
displayed.
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