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Introduction

Profiling protein structures and protein-protein interactions is
crucial to define the protein functions in biological systems. With the
advancement in mass spectrometry (MS), many MS based methods
have been developed to elucidate protein structures and protein-protein
interactions, including native MS [1], protein foot printing [2,3],
hydrogen-deuterium exchange mass spectrometry (HDX-MS) [4], and
chemical cross-linking mass spectrometry (XL-MS), providing great
alternatives to the conventional methods, like X-ray crystallography,
NMR spectroscopy, co-immunoprecipitation, protein microarrays,
yeast two-hybrid, and affinity purification-mass spectrometry. XL-MS
have been successfully used to investigate protein structures, protein
assembles, and protein-interaction networks [5,6].

Protein cross-linking is a process of formation of covalent bonds
that links one protein to another. Chemical cross-linkers react with
proteins forming three types of products: inter-molecular cross-
linking, intra-molecular loop-linking, and mono-linking. All three
products provide useful information about protein structures and
protein interactions. Inter-molecular cross-linking is formed by a cross-
linker bridging between two polypeptide chains. Inter-molecular cross-
linking can be used to identify protein interacting partners as well as
interaction sites. Intra-molecular loop-linking is generated by a cross-
linker connecting two reactive residues on the same polypeptide chain.
Intra-molecular loop-linking gives insight into protein topologies and
structural information based on the distance proximity provided by
the known spacer length of the cross-linker. Mono-linking is created
by one reactive end of the cross-linker attaching to the protein while
the other reactive end hydrolyzing to form a free-arm. Mono-linking
reveals solvent accessibility of amino acid residues since the residues on
protein surfaces are more likely to react with cross-linkers.

Two approaches can be applied to study protein cross-linking. A
typical “bottom-up” protein cross-linking experiment contains the
following steps: 1) Incubation of protein complexes with cross-linking
reagents to allow covalently stabilize transient interactions within the
range of the cross-linking reagents, 2) Digestion of the cross-linked
proteins with proteases, 3) Enrichment of the cross-linked peptides by
physio-chemical properties, 4) Detection of the enriched cross-linked
peptides using LC-MS/MS, 5) Data analysis to identify cross-linked
peptides to reveal protein interaction partners as well as the interaction
sites. Alternatively, protein cross-linking can be conducted using “top-
down” approach [7], in which the cross-linked intact proteins are
directly injected into a mass spectrometer without prior proteolytic
digestion and various MS/MS methods are used to dissociate proteins
to localize cross-linking sites. Although the “top-down” approach
provides direct analysis by eliminating time consuming steps in the
“bottom-up” approach, it suffers from restrictions on sample purities
and protein sizes.
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Strengths and Challenges of Chemical Cross-linking
Mass Spectrometry

Chemical cross-linking mass spectrometry provides a number
of strengths. First and foremost, cross-linking can take a snap-shot
of real-time dynamic interaction networks on the scale of the entire
interactome in vitro and in vivo [8-10]. Also, cross-linking can not
only identify the direct interacting partners but also determine the
interaction sites at the same time. Moreover, cross-linking can catch
and stabilize transient or weak interactions. Additionally, cross-linking
experiments require less material and have less stringency on sample
purity as compared to many other methods.

Although chemical cross-linking in combination with mass
spectrometry has been a powerful tool to study protein-protein
interactions, there are several challenges associated with this approach.
First of all, a list of cross-linkers with various chemoselectivities and
lengths needs to be evaluated in order to determine the suitable cross-
linkers for the protein complexes under investigation. In addition, the
abundance of cross-linked peptides is significantly lower than that of
unmodified peptides and mono-linked peptides, especially in complex
biological systems. To address this challenge, effects have been made
to enrich cross-linked species and to design innovated cross-linking
reagents that can enhance the detection of cross-linked peptides.
Furthermore, computational algorithms used identify and validate the
cross-linked peptides and cross-linked sites require improvements,
especially for processing complex protein mixture cross-linking. Many
novel cross-linking reagents and bioinformatics tools have recently
been developed to address these challenges, as discussed below.

Cross-linking Reagents

Common chemical cross-linkers are non-cleavable homobifunctional
and heterobifunctional cross-linkers. Homobifunctional cross-linking
reagents contain identical reactive groups at both ends, connecting with
a carbon-chain spacer at a defined distance. The heterobifunctional
cross-linking reagents contain two different reactive groups that target
different functional groups on proteins. The most common reactive
group is N-hydroxysuccinimide (NHS), which is targeted to primary
amines in the side chains of lysine residues and protein N-termini.
Another common used reactive group is maleimide, which is targeted
to sulthydryl groups on proteins. Heterobifunctional cross-linkers
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can contain one photo-reactive group that is stable until it is exposed
to high intensity UV light. Both homobifunctional cross-linkers and
heterobifunctional cross-linkers can eliminate the spacer arm and
mediate cross-linking between two proteins by creating a bond without
an intervening linker. This type of cross-linker is termed as zero-
length cross-linkers. The most widely used zero-length cross-linkers
are carbodiimides, which mediate amide bond formation between a
carboxylate and an amine group.

To facilitate the mass spectrometry detection and database search
of cross-linked peptides, many novel cross-linking reagents have been
developed, including cleavable cross-linkers, affinity-tagged cross-
linkers, and isotopically tagged cross-linkers.

Placing a cleavable bond within a cross-linker structure can
simplify the identification of cross-linked peptides. After cleavage, a
cross-linked peptide behaves like a linear peptide with a modification,
which enables the identification of cross-linked peptides using
common protein database search engines. Cleavable cross-linkers can
be cleaved by chemical reagents (e.g. DTT), by UV, or by tandem MS
fragmentation (e.g. CID or ETD). The cleavable cross-linkers, such
as Protein Interaction Reporter (PIR), have been applied for in vivo
identification of protein-protein interactions [11]. Incorporating an
affinity group into the structure of a cross-linker reagent enables the
enrichment of cross-linked products. The typical affinity-tagged cross-
linkers use biotin/avidin affinity purification strategies [12]. However,
affinity-tagged cross-linkers are more bulky than conventional cross-
linkers, which induce steric hindrance to prevent probing certain
protein interactions. Alternatively, incorporation of an azide group
provides a smaller cross-linker and enables click chemistry based
enrichment [11]. An isotopically tagged linker substitutes one or more
atoms in the cross-linker with heavy stable isotopes, usually deuterium
or BC. Peptides cross-linked with a mixture of heavy and light cross-
linking reagents generate unique doublet peaks in the mass spectra,
which not only facilitates MS detection of cross-linked peptides and
but also enables targeted MS/MS of cross-linked peptides. Isotopically
tagged cross-linkers have been used to investigate complex protein
interaction networks at large scale [8,9].

Cross-linking Identification Algorithms

Cross-linked peptides pose challenges to they since conventional
protein database search engines were designed for identification of
linear peptides or linear peptides with modifications, but not for
two peptides connected with a linker. Many MS and MS/MS search
algorithms have been developed for different types of cross-linkers and
their applications. xComb [13], MassMatrix [14], StarvroX [15], XLink-
identifier [16], and pLink [17,18] are commonly used for non-cleavable
homobifunctional or heterobifunctional cross-linkers. By importing
cross-linker information and protein FASTA database, xComb creates
a linearized and concatenated cross-linked peptide database that can
be used as a common search engine. MassMatrix is a comprehensive
database search engine for MS/MS based proteomics, and it also
provides algorithms for chemical cross-links identification. StavroX
provides an easy-to-use graphical interface and shortens the processing
time by only processing the MS/MS spectra of the precursor ions that
match to the theoretical masses of cross-linked peptide candidates.
MeroX [19], is designed for CID-MS/MS cleavable cross-links with a
self-explanatory graphical user interface, similar to StavroX. BLinks
[20] is designed for the PIR cross-linking applications. GPMAW [21]
and xQuest/xProphet [8,22] can be used for identification of isotopically
tagged cross-linking. GPMAW is suitable for small-scale analysis.
xQuest can be used for large proteome-wide cross-linking studies [8,9].

Recently, xProphet was integrated into the xQuest to determine FDRs
of large cross-linking data sets using a target-decoy strategy, which
improve the scoring function and validation. XiQ [23] is designed for
quantitative cross-linking mass spectrometry using heavy and light
isotopically tagged cross-linkers.

Conclusion and Perspective

The applications of chemical cross-linking mass spectrometry
continue to grow. One direction for chemical cross-linking mass
spectrometry is to capture real time proteome-wide protein-interaction
networks in vivo. This can be achieved by the comparison of systematic
interaction changes upon a specific stimuli or perturbation using
cross-linking snapshots. Some pioneer studies have been applied
in bacterial cells [8,10,24]. Another direction is quantitative cross-
linking. Quantitative probing protein conformational changes or
protein-interaction changes can be achieved by using heavy and light
isotopically tagged cross-linkers [23,25]. The continuous advancement
in MSinstrumentation, cross-linking reagents, and informatics tools has
great potentials to enable global scale, high-throughput identification
and quantification of cross-linked products, making cross-linking mass
spectrometry an important technique to profile protein structures as
well as deciphering dynamic protein-interaction networks in vivo.

References

1. Heck AJ (2008) Native mass spectrometry: a bridge between interactomics and
structural biology. Nat Methods 5: 927-933.

2. Xu G, Chance MR (2007) Hydroxyl radical-mediated modification of proteins as
probes for structural proteomics. Chem Rev 107: 3514-3543.

3. Gau BC, Sharp JS, Rempel DL, Gross ML (2009) Fast photochemical oxidation
of protein footprints faster than protein unfolding. Anal Chem 81: 6563-6571.

4. Konermann L, Pana J, Liua YH (2011) Hydrogen exchange mass spectrometry
for studying protein structure and dynamics. Chem Soc Rev 40: 1224-1234.

5. Sinz A (2006) Chemical cross-linking and mass spectrometry to map three-
dimensional protein structures and protein-protein interactions. Mass Spectrom
Rev 25: 663-682.

6. Sinz A (2014) The advancement of chemical cross-linking and mass spectrometry
for structural proteomics: from single proteins to protein interaction networks.
Expert Rev Proteomics 11: 733-743.

7. Kruppa GH, Schoeniger J, Young MM (2003) A top down approach to protein
structural studies using chemical cross-linking and Fourier transform mass
spectrometry. Rapid Commun Mass Spectrom 17: 155-162.

8. Rinner O, Seebacher J, Walzthoeni T, Mueller L, Beck M, et al. (2008)
Identification of cross-linked peptides from large sequence databases. Nat
Methods 5: 315-318.

9. Zaarur N, Xu X, Lestienne P, Meriin AB, McComb M, et al. (2015) RuvbL1
and RuvbL2 enhance aggresome formation and disaggregate amyloid fibrils.
EMBO J 34: 2363-2382.

10. Zhang H, Tang X, Munske GR, Tolic N, Anderson GA, et al. (2009) Identification
of protein-protein interactions and topologies in living cells with chemical cross-
linking and mass spectrometry. Mol Cell Proteomics 8: 409-420.

11. Tang X, Bruce JE (2010) A new cross-linking strategy: protein interaction
reporter (PIR) technology for protein-protein interaction studies. Mol Biosyst
6: 939-947.

12. Alley SC, Ishmael FT, Jones DA, Benkovic SJ (2000) Mapping Protein-Protein
Interactions in the Bacteriophage T4 DNA Polymerase Holoenzyme Using a
Novel Trifunctional Photo-cross-linking and Affinity Reagent. J Am Chem Soc
122: 6126-6127.

13. Panchaud A, Singh P, Shaffer SA, Goodlett DR (2010) xComb: a cross-linked
peptide database approach to protein-protein interaction analysis. J Proteome
Res 9: 2508-2515.

14. Xu H, Hsu PH, Zhang L, Tsai MD, Freitas MA (2010) Database search algorithm
for identification of intact cross-links in proteins and peptides using tandem
mass spectrometry. J Proteome Res 9: 3384-3393.

15. Gotze M, Pettelkau J, Schaks S, Bosse K, |hling CH, et al. (2012) StavroX--a
software for analyzing crosslinked products in protein interaction studies. J Am
Soc Mass Spectrom 23: 76-87.

J Proteomics Bioinform
ISSN: 0974-276X JPB, an open access journal

Volume 8 + Issue 12 « 10000e28


http://www.ncbi.nlm.nih.gov/pubmed/18974734
http://www.ncbi.nlm.nih.gov/pubmed/18974734
http://www.ncbi.nlm.nih.gov/pubmed/17683160
http://www.ncbi.nlm.nih.gov/pubmed/17683160
http://www.ncbi.nlm.nih.gov/pubmed/20337372
http://www.ncbi.nlm.nih.gov/pubmed/20337372
http://pubs.rsc.org/en/Content/ArticleLanding/2011/CS/C0CS00113A#!divAbstract
http://pubs.rsc.org/en/Content/ArticleLanding/2011/CS/C0CS00113A#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/16477643
http://www.ncbi.nlm.nih.gov/pubmed/16477643
http://www.ncbi.nlm.nih.gov/pubmed/16477643
http://www.ncbi.nlm.nih.gov/pubmed/25227871
http://www.ncbi.nlm.nih.gov/pubmed/25227871
http://www.ncbi.nlm.nih.gov/pubmed/25227871
http://www.ncbi.nlm.nih.gov/pubmed/12512095
http://www.ncbi.nlm.nih.gov/pubmed/12512095
http://www.ncbi.nlm.nih.gov/pubmed/12512095
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2719781/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2719781/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2719781/
http://www.ncbi.nlm.nih.gov/pubmed/26303906
http://www.ncbi.nlm.nih.gov/pubmed/26303906
http://www.ncbi.nlm.nih.gov/pubmed/26303906
http://www.ncbi.nlm.nih.gov/pubmed/18936057
http://www.ncbi.nlm.nih.gov/pubmed/18936057
http://www.ncbi.nlm.nih.gov/pubmed/18936057
http://www.ncbi.nlm.nih.gov/pubmed/20485738
http://www.ncbi.nlm.nih.gov/pubmed/20485738
http://www.ncbi.nlm.nih.gov/pubmed/20485738
http://pubs.acs.org/doi/abs/10.1021/ja000591t?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja000591t?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja000591t?journalCode=jacsat
http://pubs.acs.org/doi/abs/10.1021/ja000591t?journalCode=jacsat
http://www.ncbi.nlm.nih.gov/pubmed/20302351
http://www.ncbi.nlm.nih.gov/pubmed/20302351
http://www.ncbi.nlm.nih.gov/pubmed/20302351
http://www.ncbi.nlm.nih.gov/pubmed/20469931
http://www.ncbi.nlm.nih.gov/pubmed/20469931
http://www.ncbi.nlm.nih.gov/pubmed/20469931
http://www.ncbi.nlm.nih.gov/pubmed/22038510
http://www.ncbi.nlm.nih.gov/pubmed/22038510
http://www.ncbi.nlm.nih.gov/pubmed/22038510

Citation: Xu X (2015) Chemical Cross-linking Mass Spectrometry for Profiling Protein Structures and Protein-Protein Interactions. J Proteomics

Bioinform 8: €28. doi:10.4172/jpb.1000e28

16. Du X, Chowdhury SM, Manes NP, Wu S, Mayer MU, et al. (2011) Xlink-
identifier: an automated data analysis platform for confident identifications of
chemically cross-linked peptides using tandem mass spectrometry. J Proteome
Res 10: 923-931.

17.Yang B, Wu YJ, Zhu M, Fan SB, Lin J, et al. (2012) Identification of cross-linked
peptides from complex samples. Nat Methods 9: 904-906.

18. Fan SB, Meng JM, Lu S, Zhang K, Yang H, et al. (2015) Using pLink to Analyze
Cross-Linked Peptides. Curr Protoc Bioinformatics 49.

19. Gétze M, Pettelkau J, Fritzsche R, Ihling CH, Schéfer M, et al. (2015) Automated
assignment of MS/MS cleavable cross-links in protein 3D-structure analysis. J
Am Soc Mass Spectrom 26: 83-97.

20. Hoopmann MR, Weisbrod CR, Bruce JE (2010) Improved strategies for rapid
identification of chemically cross-linked peptides using protein interaction
reporter technology. J Proteome Res 9: 6323-6333.

21.

22.

23.

24,

25.

Peri S, Steen H, Pandey A (2001) GPMAW--a software tool for analyzing
proteins and peptides. See comment in PubMed Commons below Trends
Biochem Sci 26: 687-689.

Walzthoeni T, Claassen M, Leitner A, Herzog F, Bohn S, et al. (2012) False
discovery rate estimation for cross-linked peptides identified by mass
spectrometry. Nat Methods 9: 901-903.

Fischer L, Chen ZA, Rappsilber J (2013) Quantitative cross-linking/mass
spectrometry using isotope-labelled cross-linkers. J Proteomics 88: 120-128.
Weisbrod CR, Chavez JD, Eng JK, Yang L, Zheng C, et al. (2013) In vivo
protein interaction network identified with a novel real-time cross-linked peptide
identification strategy. J Proteome Res 12: 1569-1579.

Schmidt C, Zhou M, Marriott H, Morgner N, Politis A, et al. (2013) Comparative
cross-linking and mass spectrometry of an intact F-type ATPase suggest a role
for phosphorylation. Nat Commun 4: 1985.

J Proteomics Bioinform
ISSN: 0974-276X JPB, an open access journal

Volume 8 + Issue 12 « 10000e28


http://www.ncbi.nlm.nih.gov/pubmed/21175198
http://www.ncbi.nlm.nih.gov/pubmed/21175198
http://www.ncbi.nlm.nih.gov/pubmed/21175198
http://www.ncbi.nlm.nih.gov/pubmed/21175198
http://www.ncbi.nlm.nih.gov/pubmed/22772728
http://www.ncbi.nlm.nih.gov/pubmed/22772728
http://www.ncbi.nlm.nih.gov/pubmed/25754995
http://www.ncbi.nlm.nih.gov/pubmed/25754995
http://www.ncbi.nlm.nih.gov/pubmed/25261217
http://www.ncbi.nlm.nih.gov/pubmed/25261217
http://www.ncbi.nlm.nih.gov/pubmed/25261217
http://www.ncbi.nlm.nih.gov/pubmed/20886857
http://www.ncbi.nlm.nih.gov/pubmed/20886857
http://www.ncbi.nlm.nih.gov/pubmed/20886857
http://www.ncbi.nlm.nih.gov/pubmed/11701329
http://www.ncbi.nlm.nih.gov/pubmed/11701329
http://www.ncbi.nlm.nih.gov/pubmed/11701329
http://www.nature.com/nmeth/journal/v9/n9/full/nmeth.2103.html
http://www.nature.com/nmeth/journal/v9/n9/full/nmeth.2103.html
http://www.nature.com/nmeth/journal/v9/n9/full/nmeth.2103.html
http://www.ncbi.nlm.nih.gov/pubmed/23541715
http://www.ncbi.nlm.nih.gov/pubmed/23541715
http://www.ncbi.nlm.nih.gov/pubmed/23413883
http://www.ncbi.nlm.nih.gov/pubmed/23413883
http://www.ncbi.nlm.nih.gov/pubmed/23413883
http://www.nature.com/ncomms/2013/130612/ncomms2985/full/ncomms2985.html
http://www.nature.com/ncomms/2013/130612/ncomms2985/full/ncomms2985.html
http://www.nature.com/ncomms/2013/130612/ncomms2985/full/ncomms2985.html

	Title
	Corresponding author
	Introduction
	Strengths and Challenges of Chemical Cross-linking Mass Spectrometry 
	Cross-linking Reagents 
	Cross-linking Identification Algorithms 
	Conclusion and Perspective 
	References

