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Cross-linking mass spectrometry (XL-MS) has received considerable interest, owing to its potential to investigate
protein–protein interactions (PPIs) in an unbiased fashion in complex protein mixtures. Recent developments have
enabled the detection of thousands of PPIs from a single experiment. A unique strength of XL-MS, in comparison with
other methods for determining PPIs, is that it provides direct spatial information for the detected interactions. This is
accomplished by the use of bifunctional cross-linking molecules that link two amino acids in close proximity with a
covalent bond. Upon proteolytic digestion, this results in two newly linked peptides, which are identifiable by MS. XL-MS
has received the required boost to tackle more-complex samples with recent advances in cross-linking chemistry with MS-
cleavable or reporter-based cross-linkers and faster, more sensitive and more versatile MS platforms. This protocol
provides a detailed description of our optimized conditions for a full-proteome native protein preparation followed by
cross-linking using the gas-phase cleavable cross-linking reagent disuccinimidyl sulfoxide (DSSO). Following cross-
linking, we demonstrate extensive sample fractionation and substantially simplified data analysis with XlinkX in Proteome
Discoverer, as well as subsequent protein structure investigations with DisVis and HADDOCK. This protocol produces
data of high confidence and can be performed within ~10 d, including structural investigations.

Introduction

Structural proteomics and, more specifically, XL-MS, has gained a large amount of traction in recent
years as a supplemental method to protein structure techniques such as electron microscopy (EM),
NMR and crystallography. XL-MS generally provides distance constraints of lower resolution than
those of other techniques but is able to pinpoint residues in close proximity to the interaction
interfaces between individual subunits of protein complexes of any size in solution. Provided there are
sufficient cross-links, this technique can even allow for the detection and definition of protein
interfaces. The information obtained from XL-MS experiments has in many cases been successfully
leveraged to produce final protein complex models1–5. With such experiments, the cross-linking data
are combined with crystal structure and cryo-EM data to develop a final model. In the case that the
number of cross-links derived from a complex lysate is not sufficient to make reliable conclusions, the
protein complex of interest can be enriched to increase the chances of extracting more cross-links.

The distance information in elucidated protein structures is obtained by use of bifunctional cross-
linking molecules that link two amino acids in close proximity to one another with a covalent bond.
Upon proteolytic digestion of proteins or protein–protein complexes, four distinct peptide products
are formed. The first consists of single peptides not captured by the cross-linking reagent, which
therefore yields no structural information. The second group consists of monolinks or dead-end
links6, constituting single peptides captured by only one side of the cross-linking reagent, because the
other end of the linker has been quenched. These links yield structural information about the surface-
exposed regions of the proteins. The third group consists of loop links, which are composed of single
peptides with two amino acids captured by a single linker. This group of internally cross-linked
peptides yields limited structural information owing to the close proximity of the linked amino acids.
The fourth, and most information-rich group, consists of two peptides captured by the cross-linking
reagent; this group yields valuable distance information about protein tertiary structure (if the two
peptides originate from the same protein) or about protein quaternary structure (if the two peptides
originate from different proteins).
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XL-MS experiments up to this point have primarily been performed on purified recombinant
proteins or protein complexes7–13. Working with purified systems has the benefit of sufficient signal
for the detection of the generally low-abundant cross-links. In addition, only a handful of protein
sequences must be searched during spectrum matching, allowing for a relatively straightforward data
analysis. In contrast to purified proteins, whole-cell lysates lead to comprehensive interaction net-
works, which can provide far-reaching insights into the relationships between proteins as a result of
stimulation. For example, it has been shown that cross-linking complete mitochondria and intact
nuclei is possible14–16. However, data analysis and deep proteome coverage remain major bottlenecks
in these more advanced experiments. Several laboratories, including ours, have set out to circumvent
these issues by developing user-friendly analysis software dedicated to unraveling the identities of
cross-linked peptides from complex mixtures17,18. Adoption of MS-cleavable cross-linkers19–21 sub-
stantially simplifies and even facilitates these identifications, owing to the presence of characteristic
peaks in the recorded spectra. Improvements in sample preparation techniques22,23 or preservation of
protein structure with formaldehyde24 allow researchers to keep protein assemblies intact and to
capture snapshots of the processes inside the living cell25.

Here, we present an optimized protocol for XL-MS that scales from structural analysis of single
protein complexes to whole-cell lysates. In this protocol, both in vitro–reconstituted complexes and
purified complexes are considered to be low-complexity samples, whereas cell lysates are considered
to be high-complexity samples. As a showcase study, we demonstrate application of our protocol to
reconstituted BSA protein and non-small-cell lung cancer PC9 cells. We selected the MS-cleavable
amino-reactive DSSO cross-linker because it shows high efficiency, is commercially available and has
successfully been applied in a large number of cross-linking experiments14,24–28. In addition to an
optimized soft lysis and digestion procedure, we present a technique for the efficient enrichment of
cross-linked peptides that uses off-line fractionation based on strong cation exchange (SCX) chro-
matography28. Optimized LC–MS/MS parameters for current, state-of-the-art MS instrumentation
are presented that allow for the efficient detection of DSSO-cross-linked peptides. Detailed data
analysis descriptions are available, together with an overview of different reagents and research tasks,
to assist researchers aiming to perform these experiments. As a last step, we demonstrate validation of
a recorded dataset on a well-resolved crystal structure.

Overview of the procedures
This protocol consists of six major steps and is presented for both low- and high-complexity
mixtures. The first step involves lysis of the cells under investigation (Fig. 1, top left). General
lysis methods often tend to disrupt PPIs or disturb native protein conformations (e.g., SDS, over a
period of time, denatures proteins). A more gentle approach uses a syringe for lysis to liberate
the protein complexes from the cellular environment while leaving their interactions intact.
This makes the protein complexes amenable to cross-linking, as the reagents used are generally
not cell-permeable. After incubating the protein mixture with DSSO, standard shotgun proteomics
workflow steps are applied, consisting of protein denaturation, reduction, alkylation and
digestion (Fig. 1, top right). Detergents are removed by precipitation or phase extraction approaches,
and digestion is carried out with a selection of proteases—e.g., LysC/trypsin or chymotrypsin—to
obtain a unique set of cross-linked peptides normally not visible with a single protease. Further
purification of the sample (e.g., removal of salts from the buffers) is performed using solid-phase
extraction (SPE) with larger pore-size C18 material. Following digestion and purification,
well-established pre-fractionation techniques are applied that specifically enrich for cross-linked
peptides (Fig. 1, right). This can be achieved with size-exclusion chromatography (SEC)29 or
SCX28. The individual fractions are analyzed by shotgun mass spectrometry, for which an
optimized acquisition protocol for the Orbitrap (OT) Fusion and OT Fusion Lumos has been
developed (Fig. 1, bottom right).

This acquisition protocol makes use of a MS2–MS3 strategy, in which each precursor is frag-
mented and recorded; it has been optimized to exclusively break the MS-cleavable cross-linker while
keeping the individual peptides intact. This simultaneously provides two pieces of information:
whether the precursor ion represents cross-linked peptides, and the masses of the individual peptides.
For those cases in which it is likely that the precursor represents cross-linked peptides, the precursor
(MS1) is isolated and fragmented (MS2), followed by selection and fragmentation of fragment peaks
originating from the cross-linked peptide pair (MS3), providing insight into their identities. The main
advantage of the extra MS3 step is that each peptide can be identified from a single spectrum,
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resulting in higher-quality evidence for each peptide. However, the downside of this approach is that
more time must be spent per precursor/cross-linked peptide pair, leading to a decrease in identifi-
cation rates.

The acquired RAW data files can be seamlessly analyzed with the XlinkX search engine integrated
as a node in the well-established Proteome Discoverer software suite (https://xlinkx.hecklab.com/)
(Fig. 1, bottom center). The data analysis handles spectral processing, potential cross-link detection
and peptide pair identification at low false-discovery rates (FDRs). Integration into the Proteome
Discoverer environment ensures that the results can be navigated in a user-friendly manner. Finally,
XlinkX provides direct connections to existing software for visualizing cross-links such as xiNet30 or
Cytoscape31 (Fig. 1, bottom center), and generates convenient input for further structural analysis and
interpretation of existing crystal structures with Chimera32 or pyMol33. In addition, XlinkX plays
well with the I-TASSER34–36, DisVis37,38 (http://milou.science.uu.nl/cgi/services/DISVIS/disvis/)
and HADDOCK39,40 (http://milou.science.uu.nl/services/HADDOCK2.2/) software solutions,
which make computational predictions for new structures and interaction interfaces based on the
detected cross-links.

Advantages and limitations
The ability of XL-MS to elucidate PPIs complete with structural information is a major advantage
over currently widespread techniques such as affinity purification MS. However, proteome-wide
cross-linking applications have so far been limited to laboratories focusing on developing these
technologies41,42. We attempt to facilitate further adoption by providing a detailed protocol to
researchers worldwide that utilizes commercially available reagents, including the lysine-reactive
cross-linking reagent DSSO, which links neighboring lysine pairs at a maximum distance of 30 Å. The
protocol is set up to provide information for both purified protein samples and complex mixtures.
Even though the focus is on DSSO, the steps are applicable to any reagent with gas-phase cleavable
features, such as disuccinimidyl dibutyric urea (BuUrBu or DSBU)20. Non-cleavable cross-linking
reagents are, however, not indicated for complex mixtures, as these reagents require more extreme
computational approaches to performing database searches. Additional hurdles include complex data
analysis, which we have attempted to simplify with the integration of XlinkX into
Proteome Discoverer, making a user-friendly XL-MS data analysis approach accessible to a large
audience of researchers.

10–15 XL-rich
fractions

Trypsin + LysC
chymotrypsin

Digestion
Reduction
Alkylation

Non-modifiedLoop link

MS2-CID
AS

AL
BS

BL

Monolink Cross-link

LC-MS/MS

Native lysis

MS3-HCD
AS AL

BS BL

MS2–MS3
Visualization

SCX pre-fractionation

Fig. 1 | Generic workflow for XL-MS experiments. (Top left) Cells or tissue are lysed gently, leaving protein complexes intact. (Top right) After
optimized incubation with the cross-linking reagent and proteolytic digestion, four peptide products can be categorized. (Right) XL peptides are
enriched and pre-fractionated, using techniques such as SCX. (Bottom middle) Advanced data acquisition techniques utilizing multiple steps of
fragmentation techniques are used to identify the peptides. (Bottom left) XlinkX for Proteome Discoverer v. 2.3 is used to identify the cross-linked
peptides (Copyright Thermo Fisher Scientific Inc. Used by permission). The resulting data can consequently be visualized (e.g., with xiNET and
Cytoscape) and integrated into structural modeling software (e.g., HADDOCK, I-TASSER and DisVis).
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A major limitation of XL-MS experiments remains: per detected PPI, little information is available
in terms of the number of cross-linked peptides. Typically, only the top 20–30% of proteins are
detected, and only the top 100–500 proteins have sufficient depth of coverage for successful modeling
(see Anticipated results). This can potentially be alleviated through the development of enrichable
chemical cross-linkers. The challenges of creating such molecules lie in the ability of the molecules to
retain reactivity of the amine reactive groups while keeping their agility in regard to entering the
protein structure. Several molecules have to date been reported to achieve these goals and have been
successfully applied43–45. Another approach to alleviate the relatively low level of detection would be
to include cross-linking on acidic groups (e.g., dihydrazide sulfoxide (DHSO)46), which could
potentially open up new locales of the protein complex for detection. However, these molecules have
only recently become commercially available, and therefore were not included in our analysis.
Alternatively, in this protocol, we attempt to overcome the limit of detection by extensive pre-
fractionation. Such an approach works well and successfully yields thousands of detected cross-linked
peptides; however it also has limitations. To illustrate, our selected SCX approach uses charge as the
separation mechanism; this is a property that is exuberated for cross-linked peptides, but is not
necessarily unique. From the number of detected normal peptides, it is evident that a large back-
ground is still present, and therefore a large number of fractions are required to reach sufficient depth.

For purified complexes, the opposite holds true. Mainly driven by recent advances in mass
spectrometry, XL-MS has become increasingly capable of generating hundreds4,26,47,48, and in some
cases even thousands28,49, of cross-linked peptides. Given the limited complexity, the use of non-
cleavable cross-linking reagents poses no barrier to successful data analysis. From the generated
distance constraints, successful modeling of protein complexes can be achieved and has been
reported. The major limitation of such an approach is that the researchers need to find sufficiently
successful routes for purification of the protein complex before investigation. Such a process can take
a long time to complete, and doubts about the native state of the protein complex remain. For
instance, enrichable handles such as His-tags are often expressed on one of the proteins in the
complex. Such a handle can be used to successfully enrich for the complex, but can also
have repercussions for the protein complex, such as allosteric modifications and/or complete loss
of interactors.

Potential applications
XL-MS in recent years has received increased attention for its ability to elucidate pseudo-atomic
models for protein complexes and has now even seen application in highly complex backgrounds. It
has already been demonstrated to be a useful tool for identifying purified protein complexes, and
together with X-ray crystallography, hydrogen–deuterium exchange, NMR and cryo-EM, it has
become one of the staples in the structural biologist’s toolbox. An area in which XL-MS can really
take center stage is its application to transient interactions, which are so labile that any sample
preparation step can potentially disrupt them and inevitably result in the inability to measure them.
Even though PPIs within a cell might range from very stable to transient, for the cross-linking
reagent, there are no differences, and all interactions in close proximity are potentially caught by the
cross-linking reagent. After successful cross-linking of residues in close proximity, the interaction has
been stabilized and normal analysis steps can be executed without losing the transient interaction.
Such an approach would require cell-permeable cross-linking reagents, for which a number of
compounds have been proposed23,50–52, but so far none have been widely applied.

The second area in which XL-MS promises to be very useful is the mapping of dynamic behavior
of the protein complex. A well-known example is the TRiC or CCT complex, which was reported to
have a lid structure that can be closed by application of ATP. Upon quantifying detected cross-linked
peptides53, this lid behavior could be mapped54. Further steps to streamline this process have recently
been taken by either integration of quantifiable labels directly into the cross-linking reagents45,55–58 or
the application of TMT labeling to the cross-linked peptides59. Even though, in this particular
example, the lysine residues are occupied by the cross-linking reagent, tandem mass tag (TMT)
labeling can still be successfully applied to the N terminus of the peptides.

Both of these application areas are well supported by XlinkX and, combined with support for the
spatial restraints coming from cross-link identifications in modern protein modeling engines
(HADDOCK, I-TASSER and ROSETTA), will allow researchers to immediately postulate structural
models from discovery experiments60,61. With time, enrichable cross-linking chemistry will evolve to
allow this for most protein complexes in complex mixtures.
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Experimental design
Preparation of cross-linked lysate
We make use of two types of buffers for cleanup and resuspension of the proteins/protein complexes.
PBS is intended for washing samples extensively to remove traces of any buffer compounds harmful
to the cross-linking reaction. For example, primary amines must be avoided when performing cross-
linking reactions because they interfere with N-hydroxysuccinimide (NHS)-ester derivatives such as
DSSO. In addition, specific cross-linker properties must be taken into account, as, for example, thiols
should not be present in a cross-linking reaction mixture in the case of thiol-cleavable reagents. The
cross-linking lysis buffer (i.e., the buffer in which the cross-linking reaction will be performed, but
which does not contain any cross-linking reagent), is intended to resuspend the proteins before
further steps. The cross-linking lysis buffer is supplemented with protease inhibitors and minor
amounts of a reducing agent directly before the cross-linking reaction. Protease inhibitors are
required to prevent protein degradation owing to the presence of endogenous proteases, whereas the
role of reducing agents is to prevent oxidative stress and keep proteins in their native state.

Low-complexity samples can be directly resuspended in the cross-linking lysis buffer. For cell
culture samples, soft lysis is achieved by pushing the cells through a syringe needle to preserve
organelles and protein assemblies. A 27¾-gauge syringe is recommended for most mammalian cell
types, as this is one of the smallest diameters available and it is not required to preserve intracellular
vesicles for this procedure. In the case of bacterial, plant or fungal samples, harsher lysis conditions
may be required. Before further experiments, the protein concentration can be estimated with a
Bradford or bicinchoninic acid assay (BCA). We recommend a final protein concentration in the
range of 1–3 mg/ml to avoid aggregation of the proteins and potential precipitation, leading to
detection of cross-linked peptide pairs originating from non-interacting proteins.

Optimization of cross-linking reaction conditions
Before the cross-linking reaction, the optimal concentration of the cross-linking reagent for the
acquired sample concentration must be determined. To achieve this, different aliquots of the sample
can be cross-linked with a range of cross-linking reagent concentrations and visualized by
SDS–PAGE (Fig. 2). Visualization is dependent on sample amount; visualization for high amounts of
input can be done with standard Coomassie staining, and visualization for low amounts of input can
be done with silver staining. For low-complexity samples, the cross-linking reagent concentration
range can be built from 0.1 mM to a 10–15 molar excess of cross-linking reagent to protein, whereas
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Fig. 2 | Optimization of cross-linking reaction conditions by titration. Lane 1 corresponds to the experiment when
no cross-linking agent was added; the high-MW region is empty (box A). For lanes 5–7, the cross-linking agent was
added in high concentrations, leading to a less intense low-MW region (box B), whereas the upper part of the gel is
oversaturated with high-MW species (box C). Lane 3, with an intermediate 1 mM concentration of cross-linker,
shows the presence of proteins in both regions and is selected as the optimal cross-linker concentration.
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for high-complexity samples, the range of cross-linking reagent can be from 0.1 to 5 mM. Note that
the limited reaction efficiency of the currently available cross-linking reagents will substantially
decrease identification rates for low concentrations. By contrast, high concentrations will block
lysines, leading to incomplete digestion with lysine-cleaving proteases and, in addition, can lead to
over-cross-linking, in which individual proteins are captured by the cross-linking reagent and
aggregate. It is therefore critical to use the lowest possible cross-linker concentration that still initiates
the reaction.

Protein digestion
The native protein complex state is captured during the cross-linking experiment, and the still-
present nucleic acids can be sheared to prevent precipitation after protein denaturation. In our
protocol, we achieve this by adding benzonase to a final concentration of 1% (vol/vol), but in
principle, any enzyme with similar properties can be used. Natively folded proteins, supported by
disulfide bridges, are generally more difficult to digest because the protease tends to be sterically
hindered. To achieve the maximum efficiency for protein reduction and alkylation, we use
tris(2-carboxyethyl)phosphine hydrochloride (TCEP), which can be used simultaneously with
2-chloroacetamide (CAA) at elevated temperatures. Here, we perform the reduction/alkylation
reaction at 37 °C, with longer incubation times to prevent modification of proteins by urea artifacts;
these conditions are not needed if other more stable chaotropic agents are used. For the digestion, a
short predigestion with LysC, followed by standard overnight trypsin digestion, is recommended to
increase protein sequence coverage. Alternatively, the ultimate coverage of the investigated proteins
can potentially be increased by using other proteases with cleavage sites different from ones involved
in the cross-linking reaction, e.g., chymotrypsin62. It is beneficial to perform the digestion procedure
in solution, as the efficiency of in-gel digestion is lower and leads to fewer identifications. Although
LysN and chymotrypsin can easily be adapted for in-gel digestion, other proteases can be less
efficient in this approach. We note that for whole-proteome approaches, the benefit of using alter-
native proteases is less clear, and therefore such an approach is recommended mainly for low-
complexity samples.

Pre-fractionation of cross-linked peptides
Fractionation increases the depth of analysis required to reach the relatively low-abundant cross-
linked peptides. The specific properties of cross-linked peptides allow for separation of single peptides
from cross-linked peptides by either SCX28, given that cross-linked tryptic peptides—as compared to
single tryptic peptides—tend to carry extra charges, or SEC29, given that cross-linked peptides are
generally larger than single peptides. This procedure can be performed in Stage-Tip format for low-
complexity samples. However, for all sample types, the best coverage for samples with a loading
amount of ≥100 µg is achieved with either HPLC- or ÄKTA-assisted fractionation. In our laboratory,
we found 500 µg to be the optimal amount. Quality control of the setup before separation can be
performed with a partial tryptic digest of BSA62. When the BSA run meets expectations in terms of
signal and reproducibility, the sample can be fractionated (Fig. 3). With the described HPLC SCX
setup (Table 1), 25–50 fractions containing ~50 µl each can be collected. When samples other than
whole-cell lysates are fractionated, 25 fractions are sufficient.

Desalting
The samples at this point still contain contaminants and reagents that potentially affect peptide
ionization and LC separation. This is especially relevant in those cases in which SCX separation with
nonvolatile salts is used and/or when combining SCX fractions. In our laboratory, we found the
commercially available SPE C18 kits to be most useful. Cross-linked peptides tend to be longer than
normal tryptic peptides, owing to missed cleavages where the linker has bound to the peptide,
requiring materials with larger pore size to prevent sample losses. If the total amount of peptide
material does not exceed 20 µg, we recommend applying C18 Stage-Tips, for which a detailed protocol
is available63. In cases in which a large number of samples with peptide amounts ≤50 µg are used, we
recommend commercially available Oasis HLB or Oasis WCX 96-well elution plates.

LC–MS/MS analysis
The amount of peptide material in each of the fractions should be estimated before LC/MS analysis.
This step is essential to accurate estimation of the loading amounts that provide enough signal for the
detection of the mostly low-abundant cross-linked peptide species while preventing overloading of

NATURE PROTOCOLS PROTOCOL

NATURE PROTOCOLS | VOL 13 |DECEMBER 2018 | 2964–2990 |www.nature.com/nprot 2969

www.nature.com/nprot


the LC column. This is especially helpful for cases in which extensive pre-fractionation of peptides is
used. Detection of peptide concentration after digestion can be done with commercially available
colorimetric or fluorometric assays64. In the HPLC–SCX pre-fractionation setup described here, the
amount of sample to inject for each collected fraction can be estimated from the LC–UV trace after
determination of a select number of fractions. It is essential to perform nanoflow LC separation to
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Fig. 3 | SCX fractionation profile for whole PC9 cell lysate samples. a, A SCX chromatogram for a well-performing system recorded at a wavelength
of 217 nm. b, A SCX chromatogram for separation on an unequilibrated SCX column recorded at a wavelength of 217 nm. c, Snapshot of a SCX
chromatogram with 50 collected fractions recorded at a wavelength of 217 nm. d, Distribution of the number of identified cross-links (number of
entries from the cross-link spectral match, or CSM, table) and monolinks (number of entries annotated with water-quenched linker as a modification in
the peptide spectral match, or PSM, table) over the analyzed fractions. The most CSM-rich fractions are highlighted.

Table 1 | HPLC–SCX fractionation settings used during a 65- or 120-min gradient

Time interval (min) LC gradient (% B)

Pump 1 (trap column)

0–5 (0–15) 0–0

5–15 (15–35) 100–100

15–17 (35–40) 25–25

17–65 (40–120) 0–0

Pump 2 (separation column)

0–17 (0–42) 0–2

17–22 (42–50) 2–3

22–32 (50–60) 3–8

32–40 (60–70) 8–20

40–48 (70–80) 20–40

48–53 (80–86) 40–90

53–56 (86–90) 90–90

56–56.5 (90–91) 90–0

56.5–65 (91–120) 0–0

For the methods of 65 and 120 min, the indicated times refer to the total analysis times rather than actual gradient time, which are 39 and 58 min,
respectively. LC and MS parameters are provided in parentheses for the 120-min method. Fractions are collected every 2 min from 15 to 60 min for the
65-min method and every 1 min from 40 to 90 min for the 120-min method.
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improve chromatographic separation. MS equipment must be able to perform acquisition up to the
MS3 level. At the MS1 level, the survey scan is recorded in the OT instrument at high resolution. For
selected precursors, collisional-induced dissociation (CID) is applied, and signature peaks for the
cross-linkers are recorded at middle resolution as the MS2 level. Fragments exhibiting patterns
associated with the used cleavable cross-linker are further subjected to a low-resolution MS3 scan in
the ion trap (IT). Before starting the acquisition, we recommend performing quality control of the
LC–MS/MS system, for which a detailed description is available from Giansanti et al.62.

Data analysis with XlinkX
This step is split into processing and consensus workflows and is exemplified in Fig. 4. Standard
cross-linking workflows can be found as common templates in Proteome Discoverer, and detailed
settings are described in Supplementary Table 1. In the processing workflow (Fig. 4a), the first two
nodes, called ‘Spectrum Files’ and ‘Spectrum Selector’, are commonly used in most Proteome Dis-
coverer processing workflows, and their settings can remain default. The next node is ‘XlinkX Detect’,
where the used cross-linker and MS acquisition strategy can be specified that work with different
fragmentation strategies such as collision induced dissociation (CID), higher-energy collision-
induced dissociation (HCD), or electron transfer dissociation (ETD). Depending on the cross-link
chemistry, a number of analysis options are available. For setting up a new cross-linker as a chemical
modification, refer to Supplementary Fig. 1 and the Supplementary Tutorial. When using non-MS-
cleavable cross-linkers, the ‘NonCleavable’ option should be set. For MS-cleavable cross-linkers such
as DSSO or DSBU, depending on the acquisition strategy ‘MS2_MS2’ (e.g., CID/ETD), ‘MS2_MS3’
(e.g., CID/MS3 HCD) or ‘MS2_MS2_MS3’ (e.g., CID/ETD/MS3 HCD) should be set. Then the
workflow splits into two independent branches, where the node ‘XlinkX Filter’ regulates the flow of
fragmentation spectra into two branches. The ‘Peptide Search’ branch executes a standard proteomics
search with a peptide search engine and the FDR correction method of choice on those fragmentation
spectra that do not contain reporter ions indicative of the presence of a cross-linker. In addition to
non-cross-linked peptides, partially modified peptides can be identified at this step by setting relevant
‘Dynamic Modifications’ (e.g., ‘type 0 cross-links’ or monolinks). The ‘Crosslinks’ branch consists of
the ‘XlinkX Search’ and ‘XlinkX Validator’ nodes, which perform the search and validation of the
fragmentation spectra that contain reporter ions indicative of the presence of a cross-linker. The
consensus workflow (Fig. 4b) consists of the following standard nodes: ‘MSF Files’, ‘PSM Grouper’,
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‘Peptide Validator’, and ‘Peptide and Protein Filter’, which is connected to ‘Protein Scorer’, which, in
turn, is connected to ‘Protein FDR Validator’ and ‘Protein Grouping’; their settings can remain
default. For the cross-linking workflow, two additional nodes are introduced: ‘XlinkX Crosslinks
Grouping’ combines detected cross-link spectra matches (CSMs) with cross-links, and ‘XlinkX
Crosslink Export’ exports the results in the format for the xiNET visualization toolkit30.

Search output
The output of the cross-linking search nodes consists of several tables. The first table, ‘Crosslink Spectra
Match’ (CSM), analogous to the ‘Peptide Spectra Match’ (PSM) table, contains the identification
information for each set of fragmentation spectra (in the case of the ‘MS2–MS3’ strategy used here, the
initial CID scan revealing the presence of the diagnostic ions is combined with the associated MS3 scans
in a single set of scans). This table can contain the same peptide pair identity several times, owing to the
presence of the peptide pair with different modifications and/or charge states. The ‘Crosslinks’ table
contains the on-sequence identity-grouped ‘CSM’ entries for a direct overview of the relevant structural
information yielded by the experiment. When relevant cross-linker modifications are set in the peptide
search branch (node number 7 in the ‘Peptide Search’ path in Fig. 4a), monolinks (dead ends or type 0
cross-links) are shown as peptide modifications in the PSM table. The search results in two additional
files that can be directly loaded into the xiNET online visualization platform30. In our laboratory, we
have found this visualization tool especially useful for illustrating the interaction network of a single
protein or protein complex after all initial analysis steps involved (Fig. 5).

Additional data validation
As an additional validation step, the identified cross-links can be mapped onto a protein complex
with a well-resolved structure. In principle, any resolved protein complex with a high number of
identified cross-links can be used. When preparing whole-cell lysates of human cell lines, we found it
useful to map identified cross-links of the human ribosome (Fig. 6a,b), a complex that is highly
abundant in many cells and has a well-resolved structure. With the current protocol, hundreds of
distance restraints within the DSSO maximum cross-linking distance of 30 Å can be identified and
mapped onto the human ribosome structure with 3.6-Å resolution65. Before modeling the protein
complex, the identified inter-subunit cross-links (interlinks) can be validated with DisVis37,38. This
free tool provides—based on the set of cross-links—predictions of the possible interaction interfaces
and provides an estimation of how many cross-links violate all possible conformations. For the
DisVis input, one can use available PDB structures or, in the case that none are available, one can
generate a structure by using one of several online platforms that make predictions based on amino
acid sequences and detected XL-MS experiment intralink distance constraints (e.g., I-TASSER60).
Further modeling steps based on the confirmed distance restraints can be performed with HAD-
DOCK, ROSETTA or X-MOD66.

Materials

Biological materials
● Cells to be analyzed. The procedure is optimized for lysis of PC9 cells (formerly known as PC-14 cells;
Sigma-Aldrich, cat. no. 90071810-1VL) ! CAUTION The cell lines used in your research should be
regularly checked to ensure that they are authentic and that they are not infected with mycoplasma.

Reagents
! CAUTION General laboratory safety precautions should be taken while you are working with
flammable, corrosive and toxic chemicals. Work in a fume hood and wear appropriate gloves and safety
goggles. Do not inhale toxic vapors c CRITICAL To reduce possible cross-linking artifacts, perform
optimization of the cross-linker/protein ratio (Steps 2–6, Fig. 2).
● 10% (wt/vol) Criterion XT Bis–Tris protein gel (Bio-Rad, cat. no. 3450111)
● 2-Chloroacetamide (CAA; Sigma-Aldrich, cat. no. C0267)
● Acetic acid (Merck, cat. no. 1000632500) ! CAUTION Acetic acid is corrosive and flammable; avoid
skin contact and inhalation.

● Acetonitrile (ACN; Biosolve, cat. no. 012007) ! CAUTION Acetonitrile is highly flammable.
● Ammonium acetate (CH3CO2NH4; AmAc; Sigma-Aldrich, cat. no. A1542)
● Ammonium bicarbonate (NH4HCO3; Sigma-Aldrich, cat. no. 09830)
● BenchMark Unstained Protein Ladder (Thermo Fisher Scientific, cat. no. 10747012)
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● Benzonase (Merck, cat. no. 70664-3)
● BSA (Sigma-Aldrich, cat. no. A2153)
● Bradford Protein Assay Dye Reagent Concentrate (Bio-Rad, cat. no. 5000006)
● cOmplete, Mini EDTA-free Protease Inhibitor Cocktail (Roche, cat. no. 000000011836170001)
● Dimethyl sulfoxide (DMSO; Sigma-Aldrich, cat. no. D8418) ! CAUTION DMSO is toxic.
● Disuccinimidyl sulfoxide (DSSO; Thermo Fisher Scientific, cat. no. A33545)
● DL-Dithiothreitol (DTT; Sigma-Aldrich, cat. no. 43815) ! CAUTION DTT is toxic.
● Formic acid (FA; Fluka, cat. no. 94318) ! CAUTION Formic acid is corrosive, flammable and toxic;
avoid skin contact and inhalation.

● GelCode Blue Stain Reagent (Coomassie stain; Thermo Fisher Scientific, cat. no. 24592)
● HEPES (Sigma-Aldrich, cat. no. H3375)
● High-purity water obtained from a Q-POD Milli-Q purification system (Merck, cat. no. ZMQSP0D01)
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Fig. 5 | Data overview. a, Distribution of detected reporter peaks, CSMs and cross-links. b, Types of detected cross-links. c, Estimation of sensitivity by
correlating detected cross-linked proteins to protein copy numbers per HeLa cell. d, Distribution of detected proteins by number of detected cross-
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● Hydrochloric acid, 1 M solution (HCl; Merck, cat. no. 1.09057) ! CAUTION HCl is corrosive and toxic.
● LysC (MS grade; Wako Chemicals, cat. no. 129-02541)
● Magnesium chloride hexahydrate (MgCl2·6H2O; Sigma-Aldrich, cat. no. M2670)
● Methanol absolute (HPLC supra-gradient, MeOH; Biosolve, cat. no. 0013680602BS) ! CAUTION
Methanol absolute is flammable and toxic; avoid skin contact and inhalation.

● PBS (Lonza, cat. no. BE17-512F)
● Precision Plus Protein Dual Color Standards (Bio-Rad, cat. no. 161-0374)
● Sodium chloride (NaCl; Merck, cat. no. 1064041000)
● Sodium hydroxide (NaOH; Sigma-Aldrich, cat. no. 00000001064621000)
● SCX material (cation exchange; Sigma-Aldrich, cat. no. 66889-U)
● Tris(2-carboxyethyl)phosphine hydrochloride (TCEP; Sigma-Aldrich, cat. no. C4706)
● Trizma (pH 8.5, Tris-HCl and Tris base; Sigma-Aldrich, cat. no. T8818)
● Trypsin (MS grade; Promega, cat. no. V528A)
● Urea (Merck, cat. no. 66612)
● XT MOPS running buffer (20×; Bio-Rad, cat. no. 161-0788)
● XT sample buffer (4×; Bio-Rad, cat. no. 161-0791)

Equipment
● Gel-running chamber (Bio-Rad, model no. Mini-Protean III Cell)
● Power supply (PowerPac; Bio-Rad, product no. 1645050)
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● Molecular imager (Amersham Imager 600; GE Healthcare, product code 29083461)
● Plastic syringe (5 ml; Sigma-Aldrich, product no. Z116866)
● Syringe needle (27¾ gauge; BD Precisionglide; Sigma-Aldrich, product no. Z192384)
● Eppendorf ThermoMixer (Thermo Fisher Scientific, cat. no. 5382000023)
● Eppendorf refrigerated centrifuge (VWR, model no. 5417R)
● Milli-Q Purification System (Millipore)
● pH meter (Meter Lab, model no. PHM210)
● Solid-phase extraction columns (C18, 300-Å pore size; Grace Vydac, product no. 218SPE1000)
● Vacuum concentrator (Savant SpeedVac; Thermo Fisher Scientific, cat. no. SC210-A)
● SCX HPLC Pump A and SCX HPLC Pump B (Agilent Technologies, model no. Agilent 1200)
● 4.6 × 5.0-mm Opti-LYNX trap column (C18, 49-µm particle size; Optimize Technologies, product code
11-02874-TB)

● 50.0 × 1.0-mm PolyLC SCX-separation columns (polysulfoethyl A, 3-µm particle size; PolyLC, item no.
051SE0303)

● Agilent 1290 ultraperformance liquid chromatography (UHPLC) system (Agilent Technologies, model
no. Agilent 1290)

● 2 cm × 100-µm, double-frit C18 trap column, packed in-house (ReproSil-Pur C18-AQ, 3-µm particle
size; Dr. Maisch, mat. no. r13.aq.0001)

● 50 cm × 75-µm C18 analytical single-frit column, packed in-house (Poroshell 120 EC-C18, 2.7-µm
particle size; Agilent, custom order)

● Orbitrap (OT) Fusion Tribrid or OT Fusion Lumos Tribrid Mass Spectrometer (Thermo
Fisher Scientific)

● Distal coated fused silica emitter (PicoTip emitter; New Objective, part no. FS3602010D20)

Software
● Proteome Discoverer v.2.3 or higher (Thermo Fisher Scientific, cat. no. OPTON-30795) with XlinkX
node (Thermo Fisher Scientific, cat. no. OPTON-30799)

● DisVis (http://milou.science.uu.nl/cgi/services/DISVIS/disvis/)
● HADDOCK (http://milou.science.uu.nl/services/HADDOCK2.2/)

Reagent setup
Cross-linking lysis buffer
Prepare the cross-linking lysis buffer from 20 mM HEPES (47.6 mg in 10 ml), 150 mM NaCl (87.6
mg in 10 ml) and 1.5 mM MgCl2 (3 mg of MgCl2·6H2O in 10 ml) in Milli-Q water. Adjust the pH to
7.8 with a 1 M NaOH solution (400.0 mg in 10 ml). Add one tablet of cOmplete, Mini EDTA-free
Protease Inhibitor Cocktail per 10 ml of cross-linking lysis buffer and 0.5 mM DTT (0.8 mg in 10 ml)
right before use. c CRITICAL Freshly prepare all the solutions. First, dissolve HEPES, NaCl and
MgCl2·6H2O in 5 ml of water, then adjust the pH with NaOH to an optimal range for each cross-linker
(e.g., 7.6–8.0 for DSSO) and then bring the solution to a final volume of 10 ml. Keep the buffer on ice.

c CRITICAL Avoid any reagents that may possibly interfere with the cross-linking reaction. In the case
of amino-reactive cross-linkers, buffers containing primary amines must be avoided. Here, DTT is
used to prevent oxidative stress, but it may interfere with the cross-linking reaction and must be used at
low concentration.

DSSO stock solution
Prepare a 50 mM stock DSSO solution (1 mg in 52 µl) in DMSO. c CRITICAL DSSO may undergo
hydrolysis. The solution must be prepared directly before use.

Gel-fixing solution
Gel-fixing solution is 50% MeOH (vol/vol) and 10% (vol/vol) acetic acid in Milli-Q water. The
solution can be stored at room temperature (20–25 °C) for several months before use.

AmBIC solution
For a 50 mM solution, dissolve 197.5 mg of NH4HCO3 in 50 ml of Milli-Q water. The solution can be
stored at room temperature for several months before use.
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Protein reduction agent: TCEP solution
A 100 mM TCEP stock solution is prepared by dissolving 25 mg of TCEP in 1 ml of AmBiC solution;
it can be stored at −20 °C for several months before use. c CRITICAL AmBiC maintains pH and the
basic environment of the reduction agent solution.

Protein alkylation agent: CAA solution
A 400 mM CAA stock solution is prepared by dissolving 38 mg of CAA in 1 ml of AmBiC solution; it
can be stored at −20 °C for several months before use. c CRITICAL AmBiC maintains pH and the
basic environment of the alkylation agent solution.

HCl solution
A 1 mM HCl solution is prepared by diluting of 10 µl of 1 M stock in 9.99 ml of Milli-Q water. The
solution can be stored at room temperature for several months before use.

LysC
Dissolve at least 20 μg of lyophilized LysC in 1 mM HCl, prepare aliquots and store at −80 °C. The
solution is stable and can be stored at −80 °C at least until the expiration date provided by the
manufacturer. c CRITICAL Each aliquot can be used only once after defrosting.

Trypsin
Dissolve at least 15 μg of lyophilized trypsin in 1 mM HCl, prepare aliquots and store at −80 °C. The
solution is stable and can be stored at −80 °C at least until the expiration date provided by the
manufacturer. c CRITICAL Each aliquot can be used only once after defrosting.

Sep-Pak washing solution 1
Sep-Pak washing solution 1 is 100% (vol/vol) ACN.

Sep-Pak washing solution 2
Sep-Pak washing solution 2 is 0.1% (vol/vol) formic acid in water. Freshly prepare this solution on the
day of use and keep it at ambient temperature.

Sep-Pak elution solution
Sep-Pak elution solution is 80% (vol/vol) ACN and 0.1% (vol/vol) formic acid in water. Freshly
prepare this solution on the day of use and keep at ambient temperature.

SCX Stage-Tip washing solution 1
Stage-Tip washing solution 1 is 100% (vol/vol) MeOH.

SCX Stage-Tip washing solution 2
Stage-Tip washing solution 2 is 20% (vol/vol) ACN and 0.4% (vol/vol) formic acid in water. Freshly
prepare this solution on the day of use and keep at ambient temperature.

SCX Stage-Tip elution buffers
SCX Stage-Tip elution buffers are based on 20% (vol/vol) ACN, 0.4% (vol/vol) formic acid and 1 M
AmAc (770 mg in 10 ml) in water. This buffer is diluted with Stage-Tip washing solution 2 to obtain
elution buffers with a range of AmAc concentrations: 25, 50, 200 and 500 mM. Freshly prepare these
buffers on the day of use and keep at ambient temperature.

SCX HPLC solvent A
SCX HPLC solvent A consists of 20% (vol/vol) ACN and 0.05% (vol/vol) formic acid in water. The
mobile phase should be stored at ambient temperature and should be replaced every 2 months.

SCX HPLC solvent B
SCX solvent B consists of 20% (vol/vol) ACN and 0.05% (vol/vol) formic acid in a 0.5 M NaCl (29.2 g
in 1 liter) in water solution. The mobile phase should be stored at ambient temperature and should be
replaced every 2 months.
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Reverse-phase UHPLC solvent A
Reverse-phase UHPLC solvent A is 0.1% (vol/vol) formic acid in water. The mobile phase should be
stored at ambient temperature and should be replaced every 2 months.

Reverse-phase UHPLC solvent B
Reverse-phase UHPLC solvent B is 80% (vol/vol) ACN and 0.1% (vol/vol) formic acid in water. The
mobile phase should be stored at ambient temperature and should be replaced every 2 months.

Equipment setup
c CRITICAL Our list of equipment for the SDS–PAGE gel-running chamber, HPLC pumps and

columns for SCX fractionation and LC setups are example setups. The experiments can also be
performed with similar equipment.

SCX HPLC fractionation
SCX chromatography is performed on an Agilent 1200 HPLC system. The setup is built with an
Opti-LYNX trap column connected to a PolyLC SCX-separation column; for more details, see
Hennrich et al.67. A detailed description of LC separation parameters can be found in Table 1.

LC–MS/MS analysis
The standard LC–MS/MS setup in our laboratory features an Agilent 1290 Infinity UHPLC system
connected to an OT Fusion Lumos. A double-frit C18 trap column (Dr Maisch Reprosil C18, 3 µm,
2 cm × 100 µm) is used for rapid sample desalting and is followed by a single-frit analytical C18 column.
Both columns are packed in-house and configured in a vented column setup62. First, the injected
samples are loaded onto the trapping column with a flow of 5 µl/min for 5 min of reverse-phase solvent
A, and then gradient elution is performed at a column flow rate of ~300 nl/min (split flow from
0.2 ml/min). An effluent from the column is directly introduced into the nano-spray-ionization (NSI)
source via a coated fused silica emitter, forcing chromatographic separation of the peptides, using
85-, 115- or 175-min methods with 65-, 95- or 155-min LC gradients, respectively (Table 2).

SCX and C18 Stage-Tip preparation
Place three layers of SCX or C18 material plugs of 1.2-mm diameter each into a 200-ml pipette tip as
described in Rappsilber et al.63. c CRITICAL In case of input <10 µg, use plugs of 0.5-mm diameter and
place them in a gel-loader pipette tip. c CRITICAL Do not load >20 µg of peptide material in order to
achieve better enrichment of cross-linked peptides and prevent loss of the material, owing to exceeding
the maximum material capacity.

Procedure

Preparation of protein sample
1 To prepare low-complexity samples for cross-linking, refer to option A. To prepare whole-cell

lysates, refer to option B.
(A) Low-complexity samples ● Timing ~0.5 h

(i) Resuspend lyophilized protein or dilute a solution of purified protein complex in the
required amount of cross-linking lysis buffer to achieve a final concentration of ~1–3 mg/ml.

c CRITICAL STEP Mix the sample with a pipette to preserve the protein (complex) native
state and avoid vortexing.

c CRITICAL STEP If the sample was frozen to −80 °C, first defrost it on ice and only then
bring it to room temperature.

(B) Whole-cell lysate preparation ● Timing ~1 h
(i) Resuspend the collected cell pellet (107 cells) in 1 ml of ice-cold cross-linking lysis buffer

and perform soft lysis to keep the organelles and protein assemblies intact. Perform 30–40
quick pushes through a 27¾-gauge syringe.

c CRITICAL STEP Avoid foaming, as this leads to protein denaturation.

c CRITICAL STEP The needle width must be chosen according to the size of each cell type.
(ii) Remove the cell debris via centrifugation at 13,800g for 10 min at 4 °C.

c CRITICAL STEP To pellet only the organelles for further cross-linking experiments, apply
a lower centrifugation speed. Centrifugation at, e.g., 3,200g for 10 min is sufficient for
nuclei.

NATURE PROTOCOLS PROTOCOL

NATURE PROTOCOLS | VOL 13 |DECEMBER 2018 | 2964–2990 |www.nature.com/nprot 2977

www.nature.com/nprot


Table 2 | LC and MS parameters used during 85-, 115- or 175-min methods for the Orbitrap Fusion
Lumos

LC parameters

Time interval (min) LC gradient (% B)

0–5 0–7

5–30 (5–100, 5–160) 7–40

30–33 (100–103, 160–163) 40–100

33–34 (103–104, 163–164) 100–100

34–35 (104–105, 164–165) 100–0

35–45 (105–115, 165–175) 0–0

MS parameters

Polarity Positive

MS1 OT Tune Page 3.0, Lumos

OT resolution 60,000

Scan range, m/z 375–1,500

RF lens, % 30

AGC target 4.0 × 105

Maximum IIT, ms 50

dd settings MS2

dd mode TOP10

MIPS Peptide

Intensity Intensity threshold, 2.0 × 104

Charge state 3–8

Dynamic exclusion

Exclude after n times

Exclusion duration, s 12 s (16 and 24 s)

Mass tolerance 10-p.p.m. low, 10-p.p.m. high

Sort by charge Highest charge state

dd-MS2 OT CID

Isolation window, m/z 1.6

CID collision energy, % 30

OT resolution 30,000

AGC target 5.0 × 104

Maximum IIT, ms 100

AAPT ON

dd-MS2 OT ETD (MS2–MS2–MS3 strategy)

Isolation window, m/z 1.6

Calibrated charge-dependent ETD parameters ON

OT resolution 30,000

First mass, m/z 120

AGC target 1 × 105

Maximum IIT, ms 120

AAPT ON

dd settings MS3

dd mode Four scans

MIPS Peptide

Charge state 1–6

Targeted mass difference

Number of precursors in the group 2

Delta M1 31.9721

Partner intensity range 10–100%

Perform scan Both ions of the same charge

Intensity Intensity threshold, 5.0 × 103

Precursor ion exclusion, m/z Low 18, high 5

Table continued
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(iii) Estimate the protein concentration via a BCA or Bradford protein assay. For most
mammalian cell lines, one can expect a concentration of ~2 mg/ml from a cell pellet
containing 107 cells.

c CRITICAL STEP A minimum protein concentration of 1 mg/ml is recommended.
? TROUBLESHOOTING

Optimization of cross-linker/protein ratio ● Timing ~5 h
2 Prepare seven to ten aliquots of sample containing small amounts of protein material.

c CRITICAL STEP Per reaction mixture, 1–2 µg of a single protein or complex is sufficient, and
10–15 µg of protein dry weight from a whole-cell lysate is sufficient.

3 Add the required amount of cross-linker stock solution to each aliquot to obtain solutions with a
range of cross-linker reagent concentrations. Mix the sample with a pipette.

c CRITICAL STEP For low-complexity samples, set up a cross-linker concentration range that
extends ten times below and ten times above the molar amount of protein. In the case of whole-cell
lysates, we recommend starting with concentrations from 0.1 to 5 mM of cross-linker. Note that
this range will suffice for most proteins in a proteome-wide context, but might vary for specific
protein complexes, owing to differences in the accessibility of the lysines as well as the reactivity of
the lysines within their specific microenvironment. The optimization step performed here aims to
generate an overall high cross-linking yield without creating artifacts from over-cross-linking.

c CRITICAL STEP Slowly add DSSO stock to the protein solution to avoid precipitation and keep
the solution clear.
? TROUBLESHOOTING

4 Leave the reaction mixture for 30 min at room temperature.

c CRITICAL STEP The cross-linking reaction is performed at room temperature for a maximum of
30 min. After this time, ~90% of the cross-linking reagent will have hydrolyzed, and no further
cross-links between lysines in close proximity will be formed. The temperature can be altered in the
case of specific protein complexes; however, for most protein complexes, room temperature is
optimal.

c CRITICAL STEP When preparing replicates, ensure that the protein concentration, cross-linker
concentration and cross-linking temperature and time are kept constant.

5 Quench the reaction with Tris solution to a final concentration of 20 mM. Keep at room
temperature for 10 min.

6 Run an SDS–PAGE gel using standard laboratory equipement with the range of cross-linker
concentrations and select the optimal cross-linker/protein ratio from the moderate concentrations
of cross-linker; generally 1 or 2 mM is sufficient, although this should be tested for each sample (see
Fig. 2 for further details).

c CRITICAL STEP To ensure that the correct cross-linker/protein ratio is detected, Steps 2–6 should
be performed in replicates.

c CRITICAL STEP For the presented data with PC9 cells, 1 mM DSSO solution was used.
? TROUBLESHOOTING

Table 2 (continued)

LC parameters

Time interval (min) LC gradient (% B)

dd-MS3 IT CID

MS isolation window, m/z 1.6

MS2 isolation window, m/z 2

Collision energy, % 35

Ion trap scan rate Rapid

First mass, m/z 120

AGC target 3.0 × 104

AAPT ON

Maximum IIT, ms 90

For the methods of 85, 115 and 175 min, the indicated times refer to the total analysis times rather than actual gradient times, which are 68, 98 and
148 min, respectively. In parentheses, LC and MS parameters are provided for the 115- and 175-min methods. OT, Orbitrap.
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Protein cross-linking ● Timing ~1.5 h
7 Add the required amount of cross-linker stock solution, as determined in Step 6, to the protein

sample and leave the reaction mixture for 30 min at room temperature.

c CRITICAL STEP Slowly add DSSO stock to protein solution to avoid precipitation and keep the
solution clear.
? TROUBLESHOOTING

8 Quench with Tris solution to a final concentration of 20 mM. Keep at room temperature for
10 min.

Digestion and desalting of cross-linked proteins ● Timing ~18 h
9 For complex samples, add the benzonase solution to a final concentration of 1% (vol/vol) and keep

the solution at 37 °C for 10 min. (Optional) In the case of low-complexity samples, consider adding
an appropriate enzyme to a nucleic acid–rich sample to shear relevant artifacts (e.g., RNAse A in
the case of 60S ribosome).

10 Add urea to a final concentration of 8 M.

c CRITICAL STEP Choose an optimal concentration for each of the chaotropic agents.
? TROUBLESHOOTING

11 Perform the reduction and alkylation reaction simultaneously by adding TCEP and CAA to a final
concentration of 10 and 40 mM, respectively. Incubate the solution at 37 °C for at least 1 h.

12 Dilute the sample with AmBIC to decrease the urea concentration.

c CRITICAL STEP Dilution is necessary to prevent inhibition of the proteases. LysC is active in <6
M urea, and trypsin is active in <2 M urea.

13 Add LysC for predigestion step in a ratio 1:75 of protease/proteins (wt/wt) and incubate the
solution at 37 °C for 2–4 h. Then dilute the reaction mixture 3× with AmBiC and add trypsin in a
ratio 1:50 of protease/proteins (wt/wt) and incubate the solution at 37 °C for at least 12 h.

c CRITICAL STEP The predigestion step with LysC must be done for at least 2, and should be done
for 4 h for maximum efficiency.

c CRITICAL STEP When using alternative proteases, e.g., chymotrypsin, adjust the digestion
conditions accordingly62.

14 Quench the reaction with FA (100% (vol/vol)) to a 2–4% (vol/vol) final concentration.
! CAUTION Experiments with FA must be done in a fume hood.

15 Centrifuge the peptide mixture at 4,500g for 10 min at room temperature and take the supernatant.
? TROUBLESHOOTING

16 Condition a 300-Å pore-size C18 cartridge with 2 × 1 ml of Sep-Pak washing solution 1, and then
equilibrate the column with 2 × 1 ml of Sep-Pak washing solution 2. Refer to Villen et al.68 and
Udeshi et al.69 for more detailed instructions. (Optional) To prevent unnecessary sample loss,
consider avoiding the desalting procedure in the case of a low-complexity sample and directly
performing SCX Stage-Tip fractionation, as the sample generally does not need to be concentrated
before the fractionation (Step 21A).

17 Load acidified cross-linked peptide digests onto the SPE cartridge. Place a new collection tube below
the SPE cartridge and collect the flow-through solution.

c CRITICAL STEP To provide optimal loading, maintain a slow flow rate and low pressure to the
vacuum scaffold. High pressure may collapse the collection tubing. The cartridge size is selected
based on the sample amount68,69. Do not allow the cartridge to run dry.

c CRITICAL STEP Collection of the flow-through is recommended to allow the possibility of
repeating the desalting procedure or for future troubleshooting.

18 Wash the columns with 2 × 1 ml of Sep-Pak washing solution 2 to desalt the peptides.
19 Elute the desalted peptides into new collection tubes with 2 × 200 µl of Sep-Pak elution solution.

c CRITICAL STEP To ensure full elution of the peptides from a cartridge, maintain a slow flow rate
and low pressure to the vacuum scaffold.

20 Evaporate the obtained fractions with vacuum centrifugation to almost dryness.

c CRITICAL STEP Avoid complete dryness to prevent sample loss.

j PAUSE POINT The sample can be stored at −80 °C for several months before fractionation.
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Fractionation of cross-linked peptides by SCX
21 For low-complexity samples, refer to option (A). For whole-cell lysates, refer to option (B).

(A) Low-complexity sample ● Timing ~3 h
(i) Prepare the SCX Stage-Tip column as described in the Equipment setup section.
(ii) Condition the SCX Stage-Tips by addition of 100 µl of Stage-Tip washing solution 1. Place

the tip in the Eppendorf tube at room temperature and centrifuge at 1,200g until the
solution passes through the tip.

(iii) Repeat the previous step with 100 µl of 1M Stage-Tip elution buffer and 2 × 100 µl of SCX
Stage-Tip washing solution 2.

(iv) Reconstitute the sample at room temperature in 100 µl of 5% DMSO/10% FA/85% HOH
(vol/vol/vol) and load onto SCX Stage-Tip. Place a new collection tube to collect the
flow-through solution. Centrifuge at a maximum of 1,000g until the solution passes
through the tip.

c CRITICAL STEP To provide optimal loading, maintain a slow flow rate by using lower
centrifugation speeds but longer times.

c CRITICAL STEP The flow-through should be collected and used again for the loading
step to achieve maximum loading efficiency or stored for troubleshooting.

(v) Wash Stage-Tips at room temperature with 200 µl of Stage-Tip washing solution 2 by
centrifugation at 1,200g until the solution passes through the tip.

(vi) Elute the peptides at room temperature with 2 × 100 µl of each Stage-Tip elution buffer
with increasing concentration of AmAc (from 25 mM to 1 M) by centrifugation at a
maximum of 1,000g until the solution passes through the tip.

c CRITICAL STEP To ensure full elution of peptides from a column, maintain a slow flow
rate by using lower centrifugation speeds but longer times.

c CRITICAL STEP For example, in the presented data on BSA, fractionated with the
described SCX Stage-Tip setup, five elution solutions were used: 25 mM, 50 mM, 200 mM,
500 mM and 1 M AmaC. However, only the last three elutions were subjected to LC–MS/
MS analysis, as these are most cross-link rich.

(vii) Dry the obtained fractions by vacuum centrifugation to almost dryness.

c CRITICAL STEP Avoid complete dryness to prevent sample loss.
(B) Fractionation of complex samples by SCX HPLC ● Timing ~6 h

(i) Perform quality control of the SCX fractionation system with tryptic BSA digests (for
examples, see Fig. 3a,b).

(ii) Reconstitute the samples in 5% DMSO/10% FA/85% H2O (vol/vol/vol) and inject into the
described SCX HPLC fractionation setup.

c CRITICAL STEP A minimum of 100 µg of peptide material is required for this step.
However, for isolation of low-abundant cross-linked peptides, the optimal injection
amount is 500 µg. For the described HPLC–SCX setup, 20 µl of solvent is sufficient
for 500 µg.

(iii) Perform the SCX fractionation with a 65- or 120-min gradient. For a detailed description of
the HPLC gradient, refer to Table 1.

c CRITICAL STEP The length of the gradient should be adjusted according to the amount
of peptides injected.
? TROUBLESHOOTING

(iv) Pool early and late fractions together based on the UV trace and their elution time.

c CRITICAL STEP For example, in the presented data on PC9 cell lysates fractionated with
the described HPLC–SCX setup and a 120-min gradient, most of the identified cross-links
are localized in ten fractions (Fig. 3). Fractions 12–26 are considered to be early, whereas
fractions 37–42 are considered to be late. For pilot studies, we advise running LC–MS/MS
experiments for at least 20 samples. This number can be decreased to five to ten after the
cross-link-rich fractions have been located for the used setup.

(v) An additional desalting step is required for the late and pooled SCX fractions.

c CRITICAL STEP The current protocol is optimized for an LC–MS/MS setup
incorporating a trapping column. For setups without a trapping column, all fractions
must be desalted.

(vi) For pooled fractions, for which the peptide dry weight exceeds 20 µg (e.g., pooled first
fractions), repeat Steps 16–19.
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(vii) For pooled fractions, for which the peptide dry weight is <20 µg (e.g., pooled last fractions),
C18 Stage-Tip columns must be used as described below.

c CRITICAL STEP The same solutions as used for Sep-Pak (Steps 16–19) can be used in
cases in which C18 material is applied.

(viii) Condition C18 Stage-Tips at room temperature by adding 100 µl of Sep-Pak washing
solution 1. Place the tip in the Eppendorf tube and centrifuge at 1,200g until the solution
passes through the tip.

(ix) Repeat the previous step with 2 × 100 µl of Sep-Pak washing solution 2.
(x) Load the samples at room temperature onto the C18 Stage-Tip. Place new collection tubes

below the Stage-Tips to collect the flow-through solution. Centrifuge at a maximum of
1,000g until the solution passes through the tip.

c CRITICAL STEP For an optimal loading, maintain a slow flow rate by using lower
centrifugation speeds but longer times.

c CRITICAL STEP The flow-through should be collected and either should be used again at
the loading step to achieve maximum loading efficiency or should used for future
troubleshooting.

(xi) Wash C18 Stage-Tips at room temperature with 2 × 100 µl of Sep-Pak washing solution 2
by centrifugation at 1,200g until the solution passes through the tip.

(xii) Elute the peptides at room temperature with 2 × 100 µl of Sep-Pak washing solution by
centrifugation at a maximum of 1,000g until the solution passes through the tip.

c CRITICAL STEP To ensure full elution of peptides from the Stage-Tips, maintain a slow
flow rate by using lower centrifugation speeds but longer times.

(xiii) Dry the obtained fractions by vacuum centrifugation to almost dryness.

c CRITICAL STEP Avoid complete dryness to prevent sample loss.

j PAUSE POINT Dried fractions can be stored at −80 °C for several months
before analysis.

LC–MS/MS analysis ● Timing ~1 d
22 Estimate the amount of peptide in each fraction after SCX fractionation by injecting 0.1–5% of

several fractions into a LC–MS/MS system and analyzing with short gradients. The required
injection volume for all fractions can then be estimated from the UV trace.
? TROUBLESHOOTING

23 Resuspend the dried peptide pellet in 5% DMSO/10% FA/85% H2O (vol/vol/vol) and inject an
appropriate amount into the LC–MS/MS system. Longer LC gradients and running replicates in
parallel tends to increase the number of identified cross-linked peptides. For samples of low
complexity, 85-min runs are sufficient. For low amounts (e.g., late pooled SCX fractions), shorter
gradients are recommended to increase the sensitivity. The MS acquisition method for MS-
cleavable cross-linkers must consist of an MS1 high-resolution survey scan, followed by an
MS2 scan, which again is followed, for fragments of potential cross-linked peptides, by MS3
fragmentation. For a review of alternative fragmentation strategies that support XLinkX, refer to the
Supplementary Tutorial. In brief, for MS-cleavable cross-linkers such as DSSO or DSBU, depending
on the acquisition strategy, ‘MS2_MS2’ (e.g., CID/ETD), ‘MS2_MS3’ (e.g., CID/MS3 HCD) or
‘MS2_MS2_MS3’ (e.g., CID/ETD/MS3 HCD) should be set. Refer to Table 2 for a detailed
description of LC and MS parameters; however, the most appropriate settings can also be found as
templates in the Xcalibur method editor.

Data analysis with Proteome Discoverer v.2.3 ● Timing ~17 h
24 Perform the data analysis with the XLinkX node incorporated into Proteome Discoverer (v.2.3 or

higher). General workflow schemes can be found in Fig. 4 and are also installed as common
templates in Proteome Discoverer. The main settings are described below, and a complete list of
parameters is available in Supplementary Table 1. A detailed description of the cross-linker
modification settings is provided in the Supplementary Tutorial and Supplementary Fig. 1.

25 Set the processing workflow. In the ‘XlinkX Detect’ node, specify the acquisition strategy as
‘MS2_MS3’. Define the cross-link modification as DSSO on lysines.

26 In the peptide search path, set ‘XlinkX Filter’ to ‘Peptides’. In our laboratory, we use the ‘Sequest’
search node, although other search nodes are equally applicable. Filtered spectra were matched
against the Homo sapiens database from SwissProt (v.2017_10; 20,230 sequences) or the single BSA
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sequence (UniProt ID P02769). Regardless of the search node used, set the enzyme to ‘Trypsin’ and
the maximum number of missed cleavages as 2. Set the precursor mass tolerance to 20 p.p.m. and
the fragment mass tolerance to 0.05 Da for IT readout or 20 p.p.m. for OT readout. Set
carbamidomethylation of cysteines as a fixed modification and oxidation of methionine and protein
N-terminal acetylation as variable modifications. For detection of monolinks, set DSSO-hydrolyzed
and DSSO-tris as variable modifications.

c CRITICAL STEP Adjust enzyme specificity and the number of missed cleavages according to the
protease used.

27 In the XlinkX search path, set ‘XlinkX Filter’ to ‘Crosslinks’. In the ‘XlinkX Search’ node, filtered
spectra are matched against the Homo sapiens database from SwissProt (v.2017_10,
20,230 sequences) or combined BSA sequence (UniProt ID P02769) and the E. coli strain K12 in
the SwissProt database (v.2017_10, 4,306 sequences). Set the enzyme name to ‘Trypsin (Full)’ and
the maximum number of missed cleavages to 2. Set the minimum peptide length to 5 and minimum
peptide mass to 300; the maximum peptide mass has to be set to 7,000. Set the precursor mass
tolerance to 10 p.p.m., the Fourier transform mass spectrometer (FTMS) fragment mass to 20 p.p.m.
and the ion trap mass spectrometer (ITMS) fragment mass to 0.5 Da. Set carbamidomethylation of
cysteines as a fixed modification and oxidation of methionines and protein N-terminal acetylation as
variable modifications. In the ‘XlinkX Validation’ node, define the FDR threshold as 0.01 and the
FDR strategy for low-complexity samples as ‘Simple’ and for the whole-cell lysates as ‘Percolator’.

c CRITICAL STEP Adjust the enzyme specificity and the number of missed cleavages according to
the protease used.

c CRITICAL STEP The search database must contain at least 100 other protein sequences that are
used as support for FDR control.
? TROUBLESHOOTING

28 Set the consensus workflow. In ‘XlinkX Crosslink Export’, specify the file path where the xiNET
input files will be stored.

Data representation and additional validation ● Timing ~1 d
29 In our laboratory, visualization of detected cross-links is done on multiple levels with xiNET, pyMol

or Chimera and Cytoscape. Proteome Discoverer generates all required input files for xiNET,
including the .fasta file with protein sequences and the detected cross-linked residues, which is
suitable for single proteins and protein complexes. If a protein of interest already has an existing
crystal structure, visualization in pyMOL or Chimera can be done. In the case of whole-cell lysates,
we apply Cytoscape to visualize all detected cross-linked peptide pairs. For the analysis of thousands
of detected cross-links, export Proteome Discoverer output tables to Excel format and upload to
Cytoscape; then cluster the proteins by biological function (Supplementary Methods 1), pathway or
relevant protein complexes.

c CRITICAL STEP In line with normal shotgun proteomics experiments, when, e.g., triplicates
are analyzed, we recommend that only cross-links detected in at least two out of three samples
be accepted.

30 Check the quality of obtained data by additional validation of detected cross-links on a well-
resolved structure of the protein complex. Highlight the protein or protein complex for which a
high number of cross-links is available. Filter these complexes on the basis of the availability of
structures in existing databases (e.g., human ribosome, PDB ID 4UG0). For quick mapping of a
large number of cross-links, use pyMol and run the relevant scripts (Supplementary Methods 2).

c CRITICAL STEP The structure picked for additional validation must be chosen according to
cross-linking experimental conditions.
? TROUBLESHOOTING

Structural investigations ● Timing ~1–10 d
31 Download or generate the PDB structure for each subunit of the protein complex of interest on the

basis of available amino acid sequences and obtained intra-protein distance restraints. Submit the
PDB structures, together with the interprotein cross-links (interlinks), to the DisVis online platform
for additional validation and perform further structural investigations of protein complexes with
confirmed cross-links. After cross-links are confirmed, submit a HADDOCK docking run for a
protein complex of interest.
? TROUBLESHOOTING
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Troubleshooting

Troubleshooting advice can be found in Table 3.

Table 3 | Troubleshooting table

Step Problem Possible reason Solution

1B(iii) Low protein concentration Insufficient amount of cells Use more cells as input material

Ineffective lysis Make more pushes through the syringe

3, 7 Precipitate is formed Cross-linker stock solution is too
concentrated

Dilute cross-linker solution

6 Low-MW region is still present
on a gel in the case of high
cross-linker concentrations

Low activity of the cross-linker This could be due to hydrolysis of the cross-linker.
Therefore, prevent exposure of the stock solution to
multiple freeze–thaw cycles. Make sure that the
cross-linker stock solution is prepared immediately
before the cross-linking reaction or use aliquots of
stock solutions only once

If the cross-linking reagent requires activation (in the
case of, e.g., an acidic cross-linker or a zero-length
cross-linker), verify whether the correct activation
conditions were applied

Presence of interfering
components in the buffer

Define all possible substances that may interfere
with the cross-linking reaction. Avoid these in the
buffer. In the case of NHS cross-linkers, e.g., DSSO,
avoid buffers containing amines and primary
alcohols

Concentration of the cross-
linking reagent is too low

Increase the concentration of the cross-linking
reagent

10 A precipitate is formed Insufficient enzyme activity to
shear all nucleic acid artifacts

Increase the concentration of the enzyme

Protein concentration is too high Dilute the reaction mixture to a final protein
concentration of ~1 mg/ml

15 A large pellet is formed after
centrifugation of acidified
digests

Insufficient digestion Perform MS measurements and, after an unspecific
database search, check the number of missed
cleavages and compare this to the maximum
allowed number for the protease used, thus checking
protease activity. Follow the instructions for optimal
enzymatic digestion62

Too little enzyme used Incubate the reaction for a longer time or increase
the amount of enzyme

Over-cross-linking Ensure that the lowest possible cross-linking reagent
concentration is used

21B(iii) No or low UV signal HPLC–SCX system is not
performing correctly

Check BSA quality control runs (Fig. 3a,b)

Peptide concentration is too low Increase the amount of injected peptide. If
necessary, increase the amount of initial cell material
and repeat the cross-linking and digestion steps

Loss of peptides during desalting Analyze flow-through solutions. If necessary, repeat
the loading procedure with collected flow-through
solutions and perform further washing and elution
steps. Ensure that the procedure is done according
to published protocols62,63

Insufficient elution during
desalting

Repeat elution of the desalting cartridges. Ensure
that the procedure is done according to published
protocols62,63

22 Weak MS signal intensity Low amount of injected peptide
material

Increase the loading amount to a maximum 10% of a
total fraction volume. If the signal is still low, pool a
number of SCX fractions

Loss of peptides during desalting Analyze flow-through solutions. If necessary, repeat
the loading procedure with collected flow-through
solutions and perform further washing and elution
steps. Ensure that the procedure is done according
to published protocols62,63

Table continued
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Timing

Step 1A, preparation of low-complexity protein samples: ~0.5 h
Step 1B, preparation of whole-cell lysates: ~1 h
Steps 2–6, optimization of cross-linker/protein ratio: ~5 h
Steps 7 and 8, protein cross-linking: ~1.5 h
Steps 9–20, digestion and desalting of cross-linked proteins: ~18 h
Step 21A, fractionation of low-complexity samples: ~3 h
Step 21B, fractionation of complex samples by HPLC–SCX: ~6 h
Steps 22 and 23, LC–MS/MS analysis: ~1 d
Steps 24–28, data analysis with Proteome Discoverer v.2.3: ~17 h
Steps 29 and 30, data representation and additional validation: ~1 d
Step 31, structural investigations: 1–10 d

Anticipated results

Here, we describe the recommended procedures for performing cross-linking experiments for
samples of both low and high complexity. BSA protein digested with two sets of proteases is shown as
an example of low-complexity samples, whereas a PC9 cell lysate is taken as a sample of high

Table 3 (continued)

Step Problem Possible reason Solution

Insufficient elution during
desalting

Repeat the elution step on the desalting cartridges.
Ensure that the procedure is done according to
published protocols62,63

Problems with the LC–MS/MS
setup

Refer to detailed evaluation and troubleshooting of
the LC–MS/MS system62

27 Fewer cross-link identifications
than expected

Instrument is out of calibration Broaden mass window tolerances to, e.g., 50 p.p.m.
on all levels. Calibrate the instrument

Suboptimal software search
settings

Ensure that all the settings are filled according to
Supplementary Table 1

Compare the MS acquisition strategy with the
setting in the ‘XlinkX Detection’ node. If necessary,
search the data with the correct MS strategy
(Supplementary Tutorial)

Check whether the cross-linker modification in the
‘XlinkX Detection’ node is set to the reacted version
of the linker. We also recommend checking that
cross-linker signature peaks are set correctly under
the ‘Extended Properties’ tab in the chemical
modifications list (Supplementary Fig. 1)

Low efficiency of cross-linking
reaction

Too few amino acids can be captured by the cross-
linking reagent used. Perform the experiment using a
cross-linking reagent with alternative chemistry and
involving other amino acids

Reactive residues are outside of
the cross-linker’s maximum
linking distance

Perform the experiment using a cross-linking
reagent with alternative chemistry and involving
other amino acids

Problems with LC–MS/MS
setup

Refer to detailed evaluation and troubleshooting of
the LC–MS/MS system62

Most of the cross-links are
detected within the early SCX
fractions

Leaking pump B during
HPLC–SCX fractionation

Substitute the leaking pump

30 Validation of <90% of cross-
links

Wrong PDB structure Choose an appropriate PDB structure according to
your experimental conditions

Over-cross-linking Choose a lower concentration of reagent for the
cross-linking experiment

31 Most of the cross-links are not
confirmed

PDB structures of the subunits
were not chosen correctly

Check whether the submitted structures were
chosen according to your experimental conditions

Wrong sequence numbering in
the PDB file

Adjust the numbering of the amino acids according
to their sequence in the search database
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complexity. The protocol includes descriptions of both data analysis and data interpretation, and
makes use of the MS-cleavable cross-linker DSSO, as this substantially simplifies data analysis for
complex samples. Nevertheless, MS-cleavable linkers with alternative chemistry can be used, as the
software is fully configurable. In addition, a validation procedure for the human ribosome complex is
described in detail.

Low-complexity example
As a proof-of-principle example of single-protein cross-linking, we show BSA digested with a
combination of the protease LysC with trypsin and chymotrypsin. The detected cross-links were
mapped onto the BSA structure (PDB ID 4F5S with a resolution of 2.5 Å). For the LysC/trypsin
digest, 75 unique distance restraints were mapped onto BSA, out of which 59 (79%) were within the
DSSO cross-linking range of 30 Å (Fig. 5f). With chymotrypsin, 20 BSA cross-links were detected, out
of which 100% were within the DSSO cross-linking range (Fig. 5g). Out of all detected cross-links,
65% are unique for chymotrypsin and were not detected with standard proteases.

High-complexity example
For our high-complexity example, the optimal cross-linker/protein ratio was established before the
main cross-linking experiment. Small amounts of sample were cross-linked with a range of linker
reagent concentration, after which the optimal ratio could be established by SDS–PAGE (Fig. 2). For
the lane in which no cross-linking reaction was performed (Fig. 2, lane 1), the high-MW region is
empty, indicating that the available protein complexes disintegrated under the denaturing conditions
and demonstrating that none of the available protein complexes are held together by the cross-linking
reagent (Fig. 2, box A). For the lanes in which the cross-linking reagent was added in high con-
centrations (Fig. 2, lanes 5–7), the lower-MW region is less intense (Fig. 2, box B), indicating that
non-interacting small species form unspecific agglomerates and move to the upper part of the gel
(Fig. 2, box C). The intermittent lanes, with a concentration ~1 mM, show a good compromise
between the two (Fig. 2, lanes 2–4). After optimization of the cross-linking conditions and application
of the protocol to the sample, the final peptide mixtures were fractionated by SCX-based separation to
specifically enrich for cross-linked peptides (Fig. 3a). Based on the UV trace, intensity and fraction
retention time, 31 fractions potentially containing the cross-linked peptides were selected for further
analysis (Fig. 3b). As can be noted from the distribution of the detected CSMs, the early fractions
(e.g., 12–26) and late fractions (e.g., 37–50) can be pooled. This results in a total of 12 samples for
analysis, substantially decreasing LC–MS/MS measurement time with no dramatic loss in terms of
detected cross-links. For the whole-cell lysate, the total analysis time was 17 h (~10 h for the XlinkX
search alone) on a 3.47-GHz, eight-core computer with 48 Gb of RAM. We identified ~50,000
reporter ions, resulting in 3,790 CSMs grouped into 2,121 unique peptide pairs (Fig. 5a). Out of these,
545 cross-links or 25.7% are inter-protein and 1,695 are intra-protein cross-links (Fig. 5b). To
estimate the sensitivity of our approach, we correlated the detected cross-linked proteins with protein
copy numbers per HeLa cell70 (Fig. 5c). The lower border for 50% of the identifications is at ~1.12 ×
106 copies per cell. In total, it was possible to identify 1,098 unique cross-linked proteins (Fig. 5d).
~66% of the detected PPIs are mapped by one or two cross-links, whereas for the rest, three or more
unique peptide pairs are identified. The interaction network is visualized with Cytoscape with
grouping of detected identifications by protein function extracted from the EggNOG database v.4.5.1
(Fig. 5e) or with xiNET for the low-complexity samples (Fig. 5f,g).

The detected distance constraints for the ribosome can be mapped onto the existing crystal
structure (PDB ID 4UG0 with a resolution of 3.6 Å). A total of 225 unique peptide pairs were
detected for this protein complex, out of which 182 could be visualized on the crystal structure.
Considering that the maximum DSSO cross-linking distance is limited to 30 Å, 177 cross-links (97%)
were valid (Fig. 6a,b). As a further example of cross-link validation, we utilize DisVis to map detected
peptide pairs for the lactate-dehydrogenase (LDH) complex, consisting of LDH A (LDHM) and LDH
B (LDH H). PC9 cells are non-small-cell lung cancer cells for which LDH-5, a protein complex that is
built from four LDH A subunits, is overexpressed71. Previously, LDH-3, a complex that is built up
from two LDH A and two LDH B subunits, was reported to be found in cells within the lung72. In
total, we identified 17 unique distance restraints, including 16 intralinks and 1 interlink between LDH
A and LDH B, making LDH-3 a potential target for structural modeling (Fig. 6c–f). The PDB
structure of each subunit (PDB ID 4OJN for LDH A, with a resolution of 2.4 Å; and PDB ID 1I0Z for
LDH B, with a resolution of 2.1 Å) is available, and 15 out of 16 intralinks were judged as correct on
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these initial LDH A and LDH B structures. Both structures have been uploaded to the DisVis online
platform with one detected inter-subunit distance restraint (Fig. 6c), and this link was confirmed by
DisVis as a true positive (Supplementary Results 7). The invalid intralink belongs to the LDH B
subunit and connects opposite pieces of the structure (residue 7 to residue 308), implying that for the
correct distance representation, this link has to be mapped on a full tetramer complex model.
Therefore, we submitted the initial PDB structures of each protein and predicted a model using the
HADDOCK online docking suite with cross-link distance constraints specified. It was possible to map
the interlink on the obtained dimer model with a distance of 28.2 Å (Fig. 6e). Consequently, both
dimers were submitted to HADDOCK with no distance restraints specified, resulting in a tetrameric
complex structure (Fig. 6f). On this final model, it was possible to map the last intralink between the
antiparallel LDH B subunits with distances of 24.2 and 40.2 Å, of which we select the shortest as the
correct interpretation (Fig. 6g). As we did not specify any distance constraints, one of the dimers
modestly changed conformation, leading the 28.2-Å cross-link to become 31.2 Å; this would have
been resolved by specifying distance constraints, but we show here with an independent method that
the intralink can be confirmed. The distance distribution of the described cross-links is shown in
Fig. 6h. Even though the number of cross-links is very limited, it was possible to postulate a model for
the LDH-3 structures (Supplementary Results 8 and 9) that explains all detected cross-links. From
such a model, no hard conclusions can be derived, but it can serve as an excellent starting point for
further structural studies.

Reporting Summary
Further information on experimental design is available in the Nature Research Reporting Summary
linked to this article.

Software availability
The XlinkX software is available at https://www.hecklab.com/software/xlinkx/.
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Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types 
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first 
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte 
Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial 
correlation, mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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