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• Introduction

• RLTS in XL analysis
• Method development to reject 

monolinks

• Enhancement in XL identification 
and CSMs. 

• XMAS for XL visualization 
• View XLs using XMAS 

• Confirmation of dimer structure 
using XMAS 

• NuXl
• NA-protein crosslinkers 

identification

XMAS for XL visualization
Novel RTLS method for PhoX

crosslinked samples

NuXl node for NA-peptide XL



Crosslinking overview- measuring distance constraints 
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Protein structure analysis at different levels of complexity

Single protein:

• Secondary structure elements

• Conformational changes

• 3D structure

• Small molecule interactions

Protein complexes

• Topology of the complexes

• Orientation of subunits

• Interaction interfaces

Protein interaction networks

• Identity of interacting proteins

• Composition of the 

complexes

• Transient interactions



Crosslinking overview
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Basic crosslinking workflow

Samples are cross-linked at the protein level Enzymatic digestion

Separation MS analysis



Which crosslinker to choose?

• Crosslinkers selection tool

• https://www.thermofisher.com/us/en/home/life-science/protein-biology/protein-labeling-crosslinking/protein-crosslinking/crosslinker-selection-tool.html
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Challenges in the XL-MS workflow
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5. Identification/
Quantification



Introducing New Family of Trifunctional Crosslinkers 

High-Select™ Fe-NTA Magnetic Phosphopeptide Enrichment Kit, 20rxnsA52283

High-Select™ Fe-NTA Magnetic Agarose, 5mLA52284

DSPP (Disuccinimidyl Phenyl Phosphonic Acid, PhoX), 50 mgA52286

TBDSPP (tert-Butyl Disuccinimidyl Phenyl Phosphonate, tBu-PhoX), 50 mgA52287

DSPP/PhoX TBDSPP/tbPHoX



DSPP (Phox) Workflow
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Calreticulin, PA5-34786

64 KDa

Calnexin, PA5-34754

0   0   1   1   2   2   3   3   5  5  10     10 tbPhoX
(mM)

131 KDa
112 KDa

ER proteins are found with PhoX modifications in CHO cells



RTLS methods for XL-MS analysis

Separation

• Further reduction in monolinks
• PhoX labeled monolinks are also enriched.  
• Monolinks are usually 5-8 times higher than crosslinks.

• Crosslinked samples that can not be enriched
• Limited sample amount
• Other crosslinking labeling

tBuPhoX crosslinked Ecoli
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Only on Eclipse and Ascend in Tune 4.0

New



Real Time Library Search (RTLS) for PhoX crosslinked samples

Crosslinks

Monolinks

215.15



RTLS method set up

Proprietary & Confidential |12

Library database

Triggering mode

Define cosine score



Scheme of the “monolink reject” RTLS method
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RTLS method optimization – IT vs OT for survey scan

Proprietary & Confidential |14

• Survey scans using IT provide 

better results compared to OT

• High cosine score provide better 

confidence in identification but 

low number of crosslinks 



RTLS method optimization - NCE levels in survey scans

Proprietary & Confidential |15

Ecoli digest



Increase in XL spectrum matches for enriched samples 
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Ecoli digest 



Improvement in XL identification for unenriched samples

Proprietary & Confidential |17

+145%

-50%

BSA digest



Improving structural models with additional XLs 

Proprietary & Confidential18

Yeast alcohol dehydrogenase, PDB:4W6Z



References for FAIMS-XL-MS 

Dr. Fan Liu

Group leader

FMP Berlin
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XMAS for XL visualization



Crosslinks Analysis in Proteome Discoverer XlinkX node
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From raw files to interpreted results for all types of crosslinkers for protein-protein and protein-NA

Step 2: Select workflows, adjust parameters, run analysis

Processing Consensus Run Queue

Step 1: Create study, load raw files, create study factors if 

performing quan

Step 3: Interpret results Step 4: Visualize results in third party tools for structural info



Crosslinks Quantitation in Proteome Discoverer 
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From raw files to interpreted results for all types of crosslinkers for protein-protein and protein-NA

Step 2: Select workflows and adjust parameters

Processing Consensus

Step 1: Create study, choose quan method and map study factors 

to quan channels

Step 3: Choose ratios and run analysis Step 4: Interpret results



Crosslinking Results Visualization: XiView Service 
Export mzIdentML and mzML files for input into website to localize crosslinks inside the protein 

sequence/structure 
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XiView Web Service

mzIdentML mzML

“xiView: A common platform for the 
downstream analysis of crosslinking mass 
spectrometry data”, Graham, M., Combe, 
C.W., Kolbowski, L, Rappsilber, J., 
doi:10.1101/561829



Export to PyMOL

Export proteins containing crosslinkers from Proteome Discoverer software  to multiple formats for visualization
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… for pymol: Protein_chain.py
… for Xlink Analyzer: Protein_chain.txt
… generates Protein_chain.Distances.txt for 
view in text editor or Excel

Path to Folder containing:
• Structure Files for the exported Protein
• Sequence Similarities Threshold 

between Structure and PD sequence

Color-coded display of Protein Sequence:
• Links (red)
• Found Modifications (orange, yellow)
• Identified Peptide Chains (green)

All Positions automatically aligned to PDB structure

Graphical display 
of Links including 

calculated crosslink 
distances

All crosslink 
modifications and 

peptides accessible 
by defined 

selections for 
further exploration



All positions aligned to 
PDB structure with 
distance information

… for ChimeraX
crosslinks.txt

Analysis of Identified Crosslinks in ChimeraX by XMAS

Color-coded display of 
crosslinks on protein dimer
• Intralinks (red)
• Interlinks (yellow)

The distance 
distribution of identified 
crosslinks 

Lagerwaard et al. BioRxiv, 2022. https://doi.org/10.1101/2022.04.21.489026



Export to ChimeraX plugin–XMAS  for integrative assisted  
modeling 
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1. Interaction interface 

visualization (DisVis)

2. Interactive exclusion of 

“False positives” based on 

score and distance

3. Export validated results for 

molecular docking to 

(HADDOCK) or IMP

Graphical displies of 
inter and intra links 
and calculated 
crosslink distances

Results

Validation

Xlink Mapping and AnalySis(XMAS)-Smooth Integrative Modeling 
in ChimeraX, https://doi.org/10.1101/2022.04.21.489026
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Zhuang, Q. et al. Curr. Opin. Struct. Biol. 2019, 58, 278-285 

Challenges in membrane protein XL-MS

• Stability of membrane proteins 
• Easy to aggregate 

• Need lipid or detergent to keep in 
their native conformation.  

• Membrane proteins in SMALP
• Not compatible with MS analysis

• No established workflow for 
crosslinking analysis

• XL of membrane proteins in cell
• What crosslinker to use

• Overcome poor sequence coverage



Refinement of S.enterica WbaP structure with XL-MS

DSS or tBuPhoX
Crosslinking at RT

In solution digestion

• Trypsin (1% rapigest)
• Pepsin

LC-MS Data analysis

Change to 1% DDM

Remove 
SMALP at 4CWbaP in SMALP

93.86%
Sequence coverage 

In collaboration with G.Dodge and B.Impreiali , MIT



54 DSS crosslinks

Mapping crosslinks onto the dimer structure in XMASS

Trypsin Pepsin

48 tBuPhoX crosslinks

Trypsin Pepsin

Lagerwaard et al. BioRxiv, 2022. https://doi.org/10.1101/2022.04.21.489026



Distance –
inter (Å)

Distance –
intra (Å)

Residue 
2

Residue 
1

20.728.4Lys273Lys81

20.843.2Lys273Lys148

13.046.3Lys273Lys232

26.642.2Lys422Lys222

Inter crosslinks

Observed in both DSS and tBuPhoX samples
Unique for tbPhoX

Dimer interface confirmation by XL-MS



New ! Nucleic Acid- Protein XL Workflow - NuXL

Thermo Scientific™
Pierce™ Peptide Desalting 
Spin Columns

Thermo Scientific™
Pierce™ Universal Nuclease for Cell Lysis

Thermo Scientific™
High Select™ TiO2 
Phosphopeptide Enrichment Kit

Thermo Scientific™
Pierce™ Trypsin Protease, 
MS GradeProf. Henning Urlaub

MPI Gottingen 



Thermo Scientific™ FAIMS Pro™ interface, XL-MS workflow

• Unique workflow that is complete, easy to use, sensitive, and quantitative 
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Sample Labeling 
and Enrichment

MSn  and Multiple 
Fragmentation Analysis

Data Analysis

Thermo Scientific™ PhoX and tbPHoX
Trifunctional Enrichable Linkers 

Thermo Scientific™ TMT™ 18-Plex 
Reagents

Protein 
Complexes

Interactome

Protein 
Structure

Thermo Scientific™ Orbitrap 
Fusion™ Lumos™, Eclipse™& 

Ascend  Tribrid™ MS with Method 
Templates  

Thermo Scientific™
Proteome Discoverer™

Software with XlinkX & NuXL
Nodes

tbPhoX

PhoX



Primers on XL-MS

Integrative Structural Biology
https://www.thermofisher.com/us/en/home/life-science/structural-
biology/integrative-structural-biology.html
Crosslinking mass spectrometry workflow
https://www.thermofisher.com/us/en/home/industrial/mass-
spectrometry/proteomics-mass-spectrometry/protein-structure-
analysis-mass-spectrometry/crosslinking-mass-spectrometry.html
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