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Complexes
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Abstract

Cross-linking, in general, involves the covalent linkage of two amino acid residues of proteins or protein
complexes in close proximity. Mass spectrometry and computational analysis are then applied to identify the
formed linkage and deduce structural information such as distance restraints. Quantitative cross-linking
coupled with mass spectrometry is well suited to study protein dynamics and conformations of protein
complexes. The quantitative cross-linking workflow described here is based on the application of isotope
labelled cross-linkers. Proteins or protein complexes present in different structural states are differentially
cross-linked using a “light” and a “heavy” cross-linker. The intensity ratios of cross-links (i.e., light/heavy
or heavy/light) indicate structural changes or interactions that are maintained in the different states. These
structural insights lead to a better understanding of the function of the proteins or protein complexes
investigated. The described workflow is applicable to a wide range of research questions including, for
instance, protein dynamics or structural changes upon ligand binding.

Key words Mass spectrometry, Protein structure, Protein interactions, Cross-linking, Quantification,
BS3, Ligand binding

1 Introduction

Proteins and protein complexes are key players in the cell. Their
function is often modulated by structural changes upon loss or
formation of interactions with their ligands, such as proteins,
sugars, nucleotides, ions, or lipids. Assessing these structural
changes is therefore important for fully understanding their func-
tion. Quantitative cross-linking coupled with mass spectrometric
analysis allows analyzing these structural changes in solution and is,
therefore, well suited to study dynamic proteins and protein com-
plexes in different structural states [1]. In this chapter we describe
the workflow of quantitative cross-linking, including the cross-
linking reaction, sample preparation, mass spectrometric analysis,
as well as data analysis.
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1.1 Cross-Linking

1.2 Sample
Preparation
and LC-MS/MS
Analysis

Cross-linking of proteins or protein complexes, in general, is the
covalent linkage of two functional groups of amino acid side chains
resulting in inter- or intramolecular linkage. Partial hydrolysis of
the cross-linker can further lead to modification of the reactive
amino acids. Two strategies are commonly followed: photo-
induced or chemical cross-linking. Chemical cross-linking reagents
usually contain two identical (homobifunctional) or different (het-
erobifunctional) reactive groups as well as a linker [2]. Two amino
acids are cross-linked when the linker length correlates with the
distance between these two amino acids. Zero-length cross-linkers,
consequently, do not introduce a linker and only link reactive
groups in close proximity [3, 4]. Chemical cross-linkers are, for
instance, reactive toward primary amines [5], arginine residues [6],
sulthydryl groups [7-9], or in the case of bifunctional cross-linkers,
carboxyl, and amine groups [10, 11]. In addition, there are photo-
reactive cross-linkers such as the UV-inducible amino acids photo-
methionine or photo-leucine [12]. In some cases, cross-linking
reagents contain a third functional group which is used for affinity
enrichment (e.g., through a biotin moiety) [13]. The variety of
chemical specificity and linker length therefore provides a selection
of cross-linking approaches which can be applied to answer diverse
research questions [14].

Of the available reagents, N-hydroxysuccinimide (NHS) esters
are most commonly used [15]. One prominent, water soluble
example is bis(sulfosuccinimidyl)suberate (BS3), which targets pri-
mary amines of lysine residues or the proteins’ N-termini. Side
reactions with hydroxyl groups of serine, threonine, and tyrosine
residues also occur when using BS3 or analogue cross-linkers
[16]. Due to their polarity, lysine residues are typically located at
the solvent-accessible surface of proteins and therefore represent a
suitable amino acid target making NHS-esters popular cross-
linking reagents.

Following the cross-linking reaction, proteins or protein complexes
are hydrolyzed using a specific endoproteinase such as trypsin.
Enzymatic hydrolysis yields linear and cross-linked peptides. The
latter include intra-peptide cross-links (so-called loop links) and
inter-peptide cross-links [17]. Of these, the inter-peptide cross-
links provide information on distance constraints between the
cross-linked amino acids of different proteins or within the same
protein.

Cross-linked peptides are usually low abundant when com-
pared with their linear counterparts. Therefore, enrichment strate-
gies including affinity = chromatography, size exclusion
chromatography, or ion-exchange chromatography are employed.
Cross-linking reagents containing biotin labels or click-based affin-
ity tags have been developed for affinity chromatography [18-21]
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while size exclusion chromatography [22] or cation exchange chro-
matography [23 ] make use of the increased size or higher charge of
cross-linked di-peptides.

Obtained cross-linked peptides are then analyzed by liquid
chromatography-coupled tandem mass spectrometry (LC-MS/
MS) following standard proteomic procedures. To increase the
identification rate of cross-linked peptides, doubly charged precur-
sors, which mostly correspond to linear peptides or intra-cross-
linked peptides (see above), are often excluded from selection for
MS /MS while highly charged cross-linked di-peptides are prefera-
bly analyzed [24].

Identification of cross-linked peptides is challenging for the follow-
ing reasons: the masses of the two cross-linked peptides and the
linker mass of the cross-linker add up to the precursor mass.
Depending on the sample complexity and the required database, a
large number of cross-linked peptide combinations are possible,
and the analysis can be computationally challenging [25]. In addi-
tion, fragmentation of a precursor ideally leads to series of fragment
ions of both peptides. However, during collision-induced dissocia-
tion or high-energy collision dissociation of cross-linked peptides,
the fragmentation of one peptide is typically favored [26]. More-
over, tryptic peptides often yield more y-ions than b-ions [27]. This
suboptimal product ion distribution further affects the correct and
confident assignment of cross-linked peptides. Therefore,
specialized software has been developed; Examples are: xQuest
[28], XlinkX [29], Kojak [30], StavroX [31], MeroX [32], XiSearch
[33], and pLink [34]. Although the various software tools are
constantly developed and improved, the identification of cross-
linked peptides often relies on manual validation [15]. Particularly,
the analysis of complex samples can therefore be laborious.

Having identified a set of cross-links, these are further analyzed
and often visualized in network plots, cartoon representations, or, if
available, in high-resolution structures. Available visualization tools
are, for instance, xiView/xiNet [35, 36], XLink-DB [37], xVis
[38], ProXL [39], or CLMSVault [40]. If crystal structures are
available, distance restraints of cross-linked amino acid residues
can be extracted using software tools such as Xwalk [41] or Xlink
Analyer [42].

Applied in the described way, cross-linking contributed consider-
ably to the structural and functional understanding of molecular
machines [43]. Recently, the field of cross-linking was expanded,
and methods for quantitative cross-links were developed. Note that
label-free quantification, which is often employed in proteomic
studies, is not fully applicable to cross-linking analyses, mostly due
to the difficulties in reproducibility of low abundant peptides such
as cross-linked peptides (see above). Therefore, targeted approaches
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1.5 Quantitative
Cross-Linking
Workflow

and Example Data

such as selected reaction monitoring or parallel reaction monitoring
have been explored [44, 45]. Very recently, a quantitative cross-
linking workflow including data-independent acquisition was
developed [46, 47] enabling large scale quantitative analysis with
high reproducibility [46].

On the other hand, a variety of label-based quantification
methods is more commonly used. These are based on metabolic
labelling (e.g., SILAC; stable isotope labelling by amino acids in cell
culture) [48, 49], isobaric labelling using tandem mass tags (TMT
[50] or iTRAQ [51]), or isotope labelled cross-linkers. Isotope
labelled cross-linking reagents were first introduced to facilitate
the identification of cross-links in complex samples [52]. They
differ in the number of incorporated heavy stable isotopes leading
to a characteristic mass shift in the mass spectrum and resulting in
peak pairs of the cross-linked peptides. Nonetheless, differentially
labelled cross-linkers (light and heavy) have the same physicochem-
ical properties such as elution time, ionization, and fragmentation.
Cross-linking different states of the protein with light and heavy
cross-linkers, respectively, therefore allows the quantification of
protein interactions in the different states through intensities of
the peak pairs [53]. More precisely, by extracting ion chromato-
grams and comparing the intensity ratios of the two states (light
versus heavy), protein interactions that vary or are maintained in the
two states are observed. Differences in peak intensities represent
structural changes, while the same intensities correspond to inter-
actions that are not affected.

Initially, several strategies have been followed to analyze quan-
titative cross-linking data, including manual [53] as well as auto-
matic data analysis [54]. To facilitate data analysis, specialized
software has been developed and improved for quantitative cross-
linking experiments, for instance, xTract [55], XiQ [54], or Spec-
tronaut (Biognosys) [56, 46].

Usually, prior to quantitative cross-linking, optimal experimental
conditions are determined by varying the cross-linker concentra-
tion or modifying the reactions conditions. For this, the protein or
protein complex of interest in one state, for instance, in the
apo-form without bound ligand, is used. Applying these condi-
tions, the different states of the protein (or protein complex) are
then cross-linked with differentially labelled cross-linkers (e.g.,
BS3-d0 and BS3-d4, respectively). After cross-linking, the two
samples are pooled in a 1:1 ratio, the samples are prepared for
LC-MS/MS analysis, and cross-link identification is processed.
Finally, protein interactions of the different protein states are quan-
tified through their abundances in the mass spectra. The complete
workflow is shown in Fig. 1.
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Fig. 1 Workflow of quantitative cross-linking. First, experimental cross-linking conditions such as reaction
time, protein or cross-linker concentration, etc. are optimized and followed, for instance, by gel electrophore-
sis (lhs). The protein or protein complex is then cross-linked in different states using light (e.g., BS4-d0) and
heavy (e.g., BS3-d4) cross-linkers, respectively (rhs). After cross-linking, the samples are pooled and
processed for LC-MS/MS analysis and identification of cross-linked peptides. As a control, the differentially
labelled cross-linking reagents are swapped for the different states

Figures 2 and 3 show comparative cross-linking results of Cal-
modulin (CaM) in the Ca®*-free and Ca**-bound states which both
regulate the function of many proteins [57, 58]. The Ca**-free
form of CaM differs structurally from the Ca®*-bound form (com-
pare high-resolution structures shown in Figs. 2 and 3). Due to
structural changes upon Ca®*-binding, lysine residues 76 and
95 reach close proximity (Fig. 2a). Probing the two states, i.c.,
Ca**-free and Ca®*-bound, with a light and heavy cross-linker,
different intensities in the mass spectrum of the cross-link between
these two residues are observed (Fig. 2b). Peak intensities
corresponding to the apo-CaM form are lower than those observed
for the Ca®*-bound form. In other words, the structural changes
occurring due to Ca**-binding result in a closer proximity of lysine
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Fig. 2 Quantitative cross-linking of CaM in two states. (a) Crystal structures of apo-CaM (blue, Ihs, PDB:
1DMO, state 1) and CaM with Calcium (red, rhs, PDB: 1PRW, state 2) are shown. Residues 76 and 95 are
highlighted (green). (b) Mass spectra of the cross-link CaM (K76-K95) obtained from CaM cross-linked in state
1 using BS3-d0 and in state 2 using BS3-d4 (Ihs). The light and heavy cross-linkers were also swapped (rhs).
The isotope envelope corresponding to the cross-link of CaM in state 1 (blue) and in state 2 (red) are
highlighted. (c) Tandem mass spectrum of the cross-link CaM (K76-K95). Series of y-ions of the two cross-
linked peptides are assigned (green and purple)
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Fig. 3 Identification and quantification of a loop-link between residues K76 and K78 of CaM. (a) Crystal
structures of apo-CaM (blue, top, PDB: 1DMO, state 1) and CaM with Calcium (red, bottom, PDB: 1PRW, state
2) are shown. Residues K76 and K78 are highlighted (green). (b) Mass spectra of the cross-link CaM
(K76-K78) obtained from CaM cross-linked in state 1 using BS3-d4 and in state 2 using BS3-d0. The isotope
envelope corresponding to the cross-link of CaM in state 1 (blue) and in state 2 (red) are highlighted. (c)
Tandem mass spectrum of the loop-link CaM (K76-K78). Series of y-ions of the peptide are assigned (purple)

76 and 95. On the other hand, the abundance of the loop-link
observed between lysine residues 76 and 78 does not differ for the
two states (Fig. 3). Ca®-binding has no effect on this region of the
protein structure (Fig. 3a), and equal intensities are observed for
the loop-linked peptide cross-linked with the light (BS3-d0) and
heavy (BS3-d4) cross-linkers (Fig. 3b). The sequences of the cross-
linked peptides and the localization of the cross-linked residues
were confirmed by their tandem mass spectra (Figs. 2¢ and 3¢).

2 Materials

Prepare all solutions using ultra-pure water (HPLC grade). All
other reagents should have highest available purity.
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2.1 Chemical
Cross-Linking

2.2 In-Solution
Digestion

2.2.1 Ethanol
Precipitation

2.2.2 In-Solution
Digestion in the Presence
of RapiGest

. Protein or protein complex in a suitable buffer (see Note 1).
2. BS3-dO0 stock solution: Dissolve 1.43 mg of BS3-d0 in 100 pL

water to obtain 25 mM stock. Dilute 10-times to obtain
2.5 mM stock solution. Dilute with water to obtain lower
cross-linker concentrations. Freshly prepare the solution before
use (see Note 2).

. BS3-d4 stock solution: Dissolve 1.43 mg of BS3-d4 in 100 pL

water to obtain 25 mM stock. Dilute 10-times to obtain
2.5 mM stock solution. Dilute with water to obtain lower
cross-linker concentrations. Freshly prepare the solution before
use (see Note 2).

. 1 M Tris-HCI, pH 7.5: Dissolve 6.04 g Tris in 40 mL water.

Adjust pH to 7.5 using HCI, and add water to a final volume of
50 mL. Store buffer in a glass bottle at room temperature for
up to 3 months.

. Gel electrophoresis materials (sample buffer, running buffer,

polyacrylamide gels, molecular weight marker, coomassie stain-
ing solution, gel electrophoresis chamber, power supply, etc.).

. 3 M sodium acetate, pH 5.3: Dissolve 24.6 g of sodium acetate

in 100 mL of water and adjust the pH to 5.3 using acetic acid.
Store the solution in a glass bottle for several months.

. Ethanol 100% (v/v) can be stored in a glass bottle for several

months at —20 °C to provide an ice-cold solution.

. 80% (v/v) ethanol: Mix 80 mL 100% ethanol and 20 mL water,

and store the solution in a glass bottle at —20 °C.

. 25 mM ammonium bicarbonate (NH,HCO3), pH 8.0: Dis-

solve 19.75 mg NH,HCOj; in 10 mL water. Freshly prepare
before use (see Note 3).

. 1% (m/v) RapiGest: Dissolve one aliquote (1 mg) RapiGest

(RapiGest SF Surfactant, Waters Corporation) in 100 pL
25 mM NH,HCOj;. The solution can be stored at —20 °C
for several weeks.

. 50 mM dithiothreitol (DTT): Dissolve 7.7 mgin 1 mL 25 mM

NH,HCOg3;. Freshly prepare before use.

. 100 mM iodoacetamide (IAA): Dissolve 18.5 mg in 1 mL

25 mM NH4HCOj;. Freshly prepare the solution before use
and protect from light by wrapping with aluminum foil.

. Trypsin stock solution: 0.1 pg/pL sequencing grade modi-

fied trypsin (Promega Corporation) in 50 mM acetic acid.
Dissolve 20 pg trypsin in 200 pL 50 mM acetic acid (see Note
4).

. 5% Trifluoroacetic acid (TFA): Mix 95 pL water and 5 pL TFA.
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. Size-exclusion chromatography system equipped with size-

exclusion chromatography column for peptides.

. Mobile phase: 30% (v/v) acetonitrile (ACN), 0.1% (v/v) TFA.

. Sample solution: 2% (v/v) ACN, 0.1% (v/v) formic acid (FA).

Mix 98 mL water with 2 mL ACN and 100 pL FA. Store the
solution in a glass bottle for several weeks at —4 °C.

. Mobile phase A: 0.1% (v/v) FA. Mix 100 mL water and 100 pL

FA. Degas the solution for 30 min in an ultrasonic bath.

. Mobile phase B: 80% (v/v) ACN and 0.1% (v/v) FA. Mix

20 mL water, 80 mL ACN and 100 pL FA. Degas the solution
for 30 min in an ultrasonic bath.

. LC-MS system for proteomic studies (se¢ Notes 5 and 6).

. Cross-link analysis software (se¢ Note 7).
2. Data processing tool (see Note 8).

. Software tool for visualization of cross-links (se¢ Note 9).

. MS software (sec Note 10).

3 Methods

3.1 Chemical
Cross-Linking

3.1.1 Identification
of Optimal Cross-Linker
Concentration

3.1.2  Quantitative
Cross-Linking

. Prepare 5-10 sample tubes containing 10 pM of the protein or

protein complex and add increasing amounts of BS3-d0. The
BS3-d0 concentration should be ranging from 0 to 5 mM.

2. Incubate for 1 h at 25 °C and 350 rpm.
. Quench the reaction by addition of 1 M Tris—HCI to a final

concentration of 10-20 mM Tris.

. Prepare samples for gel electrophoresis according to manufac-

turer’s protocols and perform gel electrophoresis. After
gel-electrophoresis, wash and stain the gel using coomassie
staining solution.

. Examine the gel and determine optimal protein to cross-linker

ratio (see Note 11).

. Prepare 2 reaction mixtures: One containing 10 pM of the

protein in state 1 (mixture A) and the other in state 2 (mixture
B). Add the optimal BS3-d0 concentration to mixture A (i.c.,
state 1) and BS3-d4 to mixture B (state 2). For determination
of optimal cross-linker concentration, see Subheading 3.1.1.

. Incubate for 1 h at 25 °C and 350 rpm.
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3.2 Sample
Preparation for LC-MS/
MS Analysis

3.2.1 Ethanol
Precipitation
and in-Solution Digestion

3.2.2 Enrichment
of Cross-Linked
Di-Peptides

. Quench the reaction by addition of Tris (10-20 mM final

concentration; se¢ also Subheading 3.1.1, step 3).

. Pool equal amounts of the protein cross-linked with BS3-d0

(mixture A) and BS3-d4 (mixture B).

. Repeat steps 1-4 and swap light and heavy cross-linkers (i.e.,

incubate state 2 with BS3-d0 and state 1 with BS3-d4).

. Add water to the cross-linked proteins to reach a final volume

of 200 pL.

. Add 20 pL (1/10 vol.) 3 M sodium acetate (pH 5.3).
. Add 600 pL (3 vol.) 100% (v/v) ice-cold ethanol and vortex

the sample for several seconds.

4. Incubate the sample for at least 2 h at —20 °C (see Note 12).

11.

12.

13.

14.
15.
16.
17.
18.

. Centrifuge the sample mixture for 30 min at 16,200 x g and

4 °C.

. Carefully remove the supernatant and wash the protein pellet

by addition of 1 mL 80% (v/v) ice-cold ethanol (see Note 13).

. Centrifuge for 30 min at 16,200 x gand 4 °C.
. Carefully remove the supernatant (se¢ Note 13).

. Dry the pellet in a vacuum centrifuge.
10.

Dissolve the protein pellet in 10 pL of 1% (m/v) RapiGest (see
Note 14).

Add 10 pL of 50 mM DTT and incubate for 30 min at 60 °C
and 500 rpm.

Add 10 pL of 100 mM IAA and incubate for 1 h at 37 °C and
500 rpm.

Add 70 pL of trypsin solution in 25 mM NH,HCO; at a
trypsin-to-protein ratio of 1:20 (w/w).

Incubate over night at 37 °C.

Add 20 pL of 5% (v/v) TFA and incubate for 2 h at 37 °C.
Centrifuge for 30 min at 16,200 x 4.

Transfer the supernatant into a new tube (se¢ Note 15).

Dry the peptides in a vacuum centrifuge.

. Dissolve the peptides in 60 pL of 30% (v/v) ACN, 0.1% (v/v)

TFA and sonicate for 1 min.

. Centrifuge for 1 min at 16,200 x g4.
. Load 50 pL of the peptide solution into the sample loop of the

chromatography system.
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. Separate the peptides isocratically at a flow rate of 50 pL/min

using a size exclusion column. Collect 50 pL fractions (see
Note 16).

. Dry peptides in a vacuum centrifuge.

Dissolve dried peptides in 2% (v/v) ACN, 0.1% FA. Typically,
each fraction is dissolved in 8 pL and 5 pL are injected onto the
nano-LC system (se¢ Note 17).

Perform LC-MS/MS analysis (see Notes 5 and 6).

3.4 lIdentification The identification of cross-links can be performed using different
of Cross-Linked software. Detailed tutorials are available (se¢e Note 7). General
Peptides aspects are listed in the following steps.

1.

3.5 Quantification 1.

of Identified
Cross-Links

Generate a protein database containing the proteins of interest
in FASTA format.

. Configure protein database and mass of the cross-linker (for

instance, deuterated and non-deuterated BS3).

. Upload your raw data (see Note 18).

. Specify search-parameters, e.g., enzyme used for hydrolysis,

number of allowed missed cleavage sites, fixed and variable
modifications, instrument parameters.

. The result file usually contains information on inter- and intra-

molecular cross-links as well as mono- and loop-links (see
Note 8).

. Inspect spectra of cross-linked peptides and manually validate

peptide sequences and localization of cross-linked residues (see
Notes 19 and 20). Inspect corresponding MS spectra, and
identify the characteristic isotope patterns of light and heavy
cross-linked peptides (see Note 21). Discard false-positive hits,
i.e., cross-links without characteristic peak pair or with
low-quality MS/MS spectra.

. Visualize validated cross-links manually or using available soft-

ware tools (see Note 9).

Extract ion chromatograms for all validated cross-links. Extract
ion chromatograms for both forms, the light and heavy cross-
linked peptides (see Note 10).

. Calculate BS3-d0-to-BS3-d4 ratios for each cross-linked

peptide pair.

. Analyze the calculated ratios to deduce structural information

on your protein or protein complex (see Note 22).
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4 Notes

10.

11.

. Purification and handling of the protein sample is specific to the

protein or protein complex of interest. If possible, use
ammonia-free buffers like PBS or HEPES to avoid quenching
of the cross-linker.

. Avoid repeated freeze-thaw cycles and long storage duration in

solution.

. Filter the solution using a syringe filter. The pH should be

between 7.5 and 9.

. The use of modified trypsin reduces proteolytic self-digestion.

Depending on the product specification of trypsin, different
resuspension buffers are used.

. Every laboratory uses its own setup. Usually, peptides are first

loaded onto a reversed-phase C18 pre-column to concentrate
the peptides. A long HPLC column is used to achieve optimal
separation of low abundant cross-linked peptides and to enable
a high analytical depth during LC-MS/MS analysis.

. The settings of the mass spectrometer strongly depend on the

instrument used. Typically, mass spectra are acquired in data-
dependent mode, and tandem-MS spectra are acquired for
triply or higher charged peptides. The application of high-
resolution mass spectrometers facilitates identification of
cross-linked peptides.

Following software can be used for identification of cross-links:
xQuest [28], XlinkX [29], Kojak [30], StavroX [31], MeroX
[32], XiSearch [33], and pLink [34].

. The Croco [59] software tool can be employed to convert

result files from several search engines into other formats.
xiView/xiNet [35, 36], XLink-DB [37], xVis [38], ProXL
[39], CLMSVault [40], Xwalk [41], or Xlink Analyer [42] are
used for downstream analysis and visualization of cross-links.

Extracted ion chromatograms (XIC) can be generated manu-
ally using vendor-specific software (e.g., Thermo Xcalibur Qual
Browser v4.0, Thermo Fisher scientific) or computationally
using xTract [55], XiQ [54], or Spectronaut (Biognosys)
[56, 46] software.

With increasing amounts of BS3, protein gel bands are usually
less resolved (Fig. 1). For protein complexes, intensities of
monomeric bands decrease, while protein bands of covalently
linked proteins are observed at higher molecular weight. Too
high concentrations of the cross-linker might induce protein
aggregation, and aggregates might remain in the loading cav-
ities of the gel.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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Incubation over night at —20 °C is reccommended. The sample
can also be incubated for several days at —20 °C.

Protein pellets can be very small or transparent. If the protein
pellet is difficult to recognize, do not remove all liquid to
ensure that the pellet is not removed with the supernatant.

Avoid formation of foam by gently pipetting the sample up and
down. When the protein pellet does not dissolve add another
10 pL of 1% (m/v) RapiGest and multiply the required
volumes of the following steps by two.

Avoid transferring decomposed RapiGest. When RapiGest is
transferred to the fresh sample tube, repeat centrifugation and
transfer to a fresh tube (Subheading 3.2.1, steps 16 and 17).

Due to their size, cross-linked peptides elute in early fractions
during size exclusion chromatography. Combine fractions that
show low intensity (usually early and late fractions).

Adjust the volume for dissolving dried peptides. Note that the
required injection volume depends on the sensitivity of the
mass spectrometer and needs to be adjusted to obtain sufficient
signal.

Depending on the used software, different file formats are
supported.

In most cases, inspection of the top scoring spectra of an
identified cross-link is sufficient for manual validation.

Cross-links are validated confidentially when series of y- or
b-ions of at least 4 successive amino acids of both peptides
are observed and the most intense peaks of the spectrum are
assigned.

The isotope effect of deuterium might lead to earlier elution
times for cross-linked peptides containing the deuterated
linker. For detection of the peak pair, expand the elution time
window toward earlier elution times for deuterated cross-links
and toward later elution times for the non-labelled analogue.

Ratios of approx. 1 indicate no change in intensity of the
individual protein interaction in the two states. Ratios >1
correspond to increased intensity and <1 to decreased intensity
of the protein interactions in the different states.
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