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Proteome-wide profiling of protein assemblies
by cross-linking mass spectrometry

Fan Liu2, Dirk T S Rijkers?, Harm Post!> & Albert ] R Heck!>?

We describe an integrated workflow that robustly identifies
cross-links from endogenous protein complexes in human
cellular lysates. Our approach is based on the application of
mass spectrometry (MS)-cleavable cross-linkers, sequential
collision-induced dissociation (CID)-tandem MS (MS/MS) and
electron-transfer dissociation (ETD)-MS/MS acquisitions, and a
dedicated search engine, XlinkX, which allows rapid cross-link
identification against a complete human proteome database.
This approach allowed us to detect 2,179 unique cross-links
(1,665 intraprotein cross-links at a 5% false discovery rate
(FDR) and 514 interprotein cross-links at 1% FDR) in Hela cell
lysates. We validated the confidence of our cross-linking results
by using a target-decoy strategy and mapping the observed
cross-link distances onto existing high-resolution structures.
Our data provided new structural information about many
protein assemblies and captured dynamic interactions of the
ribosome in contact with different elongation factors.

In a cellular context, proteins are highly organized in a variety
of assemblies, forming the basis of well-regulated pathways
and networks!. A rapidly emerging approach, chemical cross-
linking combined with MS (XL-MS), provides information
on both the structure and the interactions of proteins and pro-
tein assemblies?~>. In XL-MS, cross-linking reagents, typically
consisting of two reactive groups connected by a spacer arm,
covalently link two amino acid residues that are in close spatial
proximity, and MS is used to identify the linked residues.
The spacer-arm length of the cross-linking reagent confers a
distance constraint on the two linked residues, providing
structural information on proteins, protein complexes and
protein-interaction networks.

XL-MS studies have been successfully undertaken to investigate
individual purified proteins and protein complexes®~1° as well
as complex protein mixtures'®!7. However, few attempts have
focused on the high-throughput investigation of protein struc-
tures and interactions at the proteome-wide level using commer-
cially available cross-linkers (for example, disuccinimidyl suberate
and bis(sulfosuccinimidyl) suberate?). So far, only dozens to a few
hundred cross-links have been identified in Escherichia coli'8-20
and Caenorhabditis elegans'® with such methods.

The difficulties in analyzing XL-MS data can be attributed
mainly to two factors. The first one is the quadratic expansion of
the computational search space, known as ‘the n-square problem.
Interpeptide cross-links consist of two linear peptides covalently
linked together such that the precursor mass obtained from the
MS acquisition is the sum of the masses of the two linked peptide
moieties and the cross-linker spacer arm. Therefore, the number
of possible peptide pairings to be searched increases quadratically
with the number of peptides in the database. The second obstacle
is the unequal fragmentation efficiency of the two linked pep-
tides. Unlike those of linear peptides, product ion spectra of cross-
linked peptides contain fragment ions from both linked peptides.
However, ion trap-based CID and higher-energy collisional dis-
sociation (HCD) of cross-links typically favor the formation of
product ions from only one of the two constituent peptides°. This
impairs the confident assignment of cross-links, which depends
on high product-ion quality of both linked peptides, especially
in complex mixtures.

As an attempt to tackle the n-square problem, MS-cleavable
cross-linkers, such as disuccinimidyl sulfoxide?! (DSSO),
disuccinimidyl-succinamyl-aspartyl proline??, bis(succinimidyl)-
3-azidomethyl glutarate?3, BuUrBu?* and cyanurbiotindipropio-
nylsuccinimide?’, have been introduced. This type of cross-linker
contains a preferential cleavage site (or sites) in the spacer arm
and thus produces signature fragment ions upon MS/MS frag-
mentation of cross-linked precursors. In recent years, MS-cleav-
able cross-linkers have been used for proteome-wide cross-linking
studies, in which up to a few hundred cross-linked peptides
were identified?326-28, However, special requirements for data
acquisition (for example, modifications of instrument-operation
software for real-time analysis) and/or customized algorithms
adapted to the specific cross-linker were required for data analy-
sis. As an example, the software MeroX?® uses signature fragment
ions from MS-cleavable cross-linkers to enhance the confidence
of cross-link identification. However, it still uses the vast n-square
search space and therefore works only with databases containing
a limited number of proteins.

Here we describe a generic pipeline for proteome-wide cross-
linking studies. We unambiguously identified 2,179 cross-links
(1,665 intraprotein cross-links at 5% FDR and 514 interprotein
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cross-links at 1% FDR) in HeLa cell lysates using the whole
human proteome database (~40,000 entries) as the search space.
Furthermore, by mapping identified cross-links on structurally
well-characterized proteins or protein complexes, including the
ribosome (as well as the ribosome in complex with accessory
assemblies such as elongation factors), the proteasome, TriC
(TCP-1 ring complex; also known as CCT (chaperonin containing
TCP-1)) and the eukaryotic elongation factor 1 (eEF1) complex,
we not only validated our approach and the confidence of our data
set but also uncovered intriguing new details about the structures
and interactions of these protein machineries.

RESULTS

The proteome-wide XL-MS strategy

Our proteome-wide cross-linking strategy incorporates three
essential features: the use of MS-cleavable cross-linkers,
sequential CID-MS/MS and ETD-MS/MS (CID-ETD-MS/MS)
acquisitions for each MS precursor, and a new cross-link search
engine, XlinkX. MS-cleavable cross-linkers are used to generate
cross-linker-cleaved signature ions in the MS/MS spectra, allow-
ing the user to obtain the accurate mass of each linked peptide
during the XlinkX search (described below). CID-ETD-MS/MS
acquisitions are applied to overcome the problems of unequal
and insufficient fragmentation, thereby enhancing the likelihood
of unambiguous identification of each peptide moiety in the
cross-linked peptide pairs.

We designed XlinkX to analyze our multipronged data set
(Fig. 1 and Online Methods). XlinkX performs a search in two
consecutive steps. In the first step, XlinkX retrieves the precursor
mass of each linked peptide on the basis of a unique mass differ-
ence (the Am principle) derived from the gas-phase dissociation
of the cross-linker (Fig. 1a,b and Online Methods). The applica-
tion of the Am principle reduces the database size from n? to 2n,
enabling the cross-linked peptides to be identified via conven-
tional LC-MS/MS experiments using a full proteome database.
In the second step, spectra that contain at least one precursor
mass pair are considered as potential cross-linked spectra, and
all deduced cross-link pairs are submitted for further peptide-
sequence analysis. XlinkX performs product-ion matching for
each MS/MS spectrum on the basis of the determined masses
of the two linked peptides and all fragment ions generated from
the MS precursor. Finally, XlinkX uses an individual peptide
probability score (n-score)’? for spectral quality control and
the target-decoy strategy for establishing the FDR. We assessed
the software performance of XlinkX and MeroX?’, a recently

Figure 1 | The proteome-wide XL-MS strategy. (a) Schematic structure of a
DSSO interpeptide cross-link (left) and its specific fragmentation pattern
under CID (right). The four signature MS/MS fragment ions are derived
via the equation presented below the structure (i.e., the Am principle).
The variables m| and mg represent, respectively, the masses of the longer
and shorter arms of the cross-linker after gas-phase dissociation; m_,
My.s, Mp.L and mp_s are the masses of the four signature peaks. (b) The
XlinkX workflow to identify interpeptide cross-links. The MS precursor ion
is subjected to sequential CID-ETD fragmentation. Only CID spectra are
used to obtain the precursor masses of both linked peptides by the Am
principle. The four signature fragment ions resulting from cross-linker
cleavage are represented by purple peaks in the MS/MS fragmentation
spectra. Subsequently, CID spectra are used to match b- and y-ions, and
ETD spectra are used to search for c- and z-ion series.
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developed cross-link search engine also designed for cleavable
cross-linkers, and found that XlinkX substantially outperformed
MeroX when large databases were used (Online Methods,
Supplementary Note 1 and Supplementary Table 1).

To demonstrate that XlinkX can efficiently identify cross-linked
peptides even when a full proteome database is used, we applied
XlinkX in a cross-linking study on a full HeLa cell lysate using the
MS-cleavable cross-linker DSSO and CID-ETD-MS/MS acquisi-
tions. All high-confidence cross-link identifications are reported
(Supplementary Data 1).

First, we assessed the number of cross-link identifications at dif-
ferent FDRs (Supplementary Fig. 1). For the statistical analysis,
we included a total of 404,454 CID and 404,454 ETD spectra.
We carried out CID-only analysis by taking CID but not ETD
spectra from the same precursor, whereas for CID-ETD analysis
we used all fragment ions from both CID and ETD spectra. At
5% FDR, 2,473 unique cross-links were identified via the com-
bined CID-ETD strategy, whereas 1,113 unique cross-links were
identified in CID-only analysis, which corresponds to a difference
of more than twofold (Fig. 2a). As the comparison used MS/MS
spectra originating from the same numbers of MS precursors, it
can be assumed that the higher number of cross-link identifica-
tions in the CID-ETD analysis was a direct consequence of richer
fragment ions. Of note, the duty cycle of our CID-ETD fragmen-
tation strategy was reduced by half, as both CID and ETD frag-
mentation were performed on the same precursor ion. Therefore,
the difference between the combined CID-ETD data and the
CID-only data in terms of the number of cross-link identifica-
tions would likely be smaller if more CID-MS/MS spectra were
acquired. When we repeated the analysis with a more stringent
FDR cutoff of 1%, the discrepancy between CID-ETD and CID-
only data increased to threefold (1,867 cross-links identified with
CID-ETD and 594 cross-links identified with CID only) (Fig. 2a).
The fact that the advantage of combining CID and ETD was more
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Figure 2 | Statistical analysis of FDR a 2500 5% FDR 1% FDR
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pronounced at a lower FDR cutoff shows
that the CID-ETD strategy performs best
when highly confident cross-link assign-
ments are required. This is particularly
useful for the discovery of novel interac-
tion partners in a full-proteome context,
where unambiguous validation of inter-
protein cross-links is essential. 500
Next, we demonstrated the benefit of
sequential CID-ETD fragmentation over 250 |
CID-only strategies at the level of both a
single spectrum (Supplementary Fig. 2) 0-
and the whole data set. For the latter, we —40
calculated the n-score distributions of
true and false positive hits and found that true positive matches
(target-target) were clearly separated from false positive hits
(target-decoy and decoy-decoy) in the low-n-score region in both
CID-only and CID-ETD data (Fig. 2b). However, the distribution
became very different when we examined the interprotein and
intraprotein cross-links separately. For intraprotein cross-links,
almost all identifications (regardless of n-score) were target hits.
This is not surprising, as XlinkX searches and assigns each linked
peptide independently of its partner, and therefore the chance that
both peptides will result in the same decoy protein is extremely
low. In contrast, for interprotein identifications, decoy hits were
enriched with both fragmentation strategies. Evidently, the CID-
ETD approach was more efficient than the use of CID alone for
distinguishing target and decoy hits in the low-n-score region.
This clearly demonstrates that the combination of informative
b- or y-ions and c- or z-ions in the CID-ETD strategy results in a
strong improvement in the number of true positive identifications
and thus is beneficial for separating target from decoy matches.
On the basis of the statistical analysis of the distribution of
target and decoy hits, we decided to use a more stringent FDR cut-
off for interprotein cross-links than for intraprotein cross-links.
Thus the reported 2,179 cross-links were filtered at 5% FDR for
intraprotein cross-links (1,665 cross-links) and at 1% FDR for
interprotein cross-links (514 cross-links) (Fig. 2a).
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Structural validation of and new insight into cross-linking data
on the 80S ribosome

To further authenticate our cross-linking data, we assessed the
spatial constraints derived from the detected cross-links by com-
paring them with high-resolution three-dimensional structures.
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We mapped our cross-linking data onto the recently published
cryo—electron microscopy (cryo-EM) structure of the human
80S ribosome (PDB entry 4V6X), which consists of the 80S core
ribosomal proteins in complex with elongation factor 2 (eEF2)
and the plasminogen-activator inhibitor 1 RNA-binding protein3!
(SERBP1). We identified a total of 97 unique Lys-Lys cross-links
in the 80S ribosomal complex (67 intraprotein cross-links and 30
interprotein cross-links). The maximum Co.-Ca. distance between
lysine residues that DSSO can cross-link is 23.4 A. Out of 97 cross-
links, 79 cross-links could be mapped on the structurally available
regions (Fig. 3a); 75 (out of 79) Ca-Co distances were less than
23.4 A, and 2 Co-Cou distances were less than 28.4 A (23.4 A +5 A
tolerance for protein flexibility in solution). The two remaining
mapped cross-links had Co.-Cot distances of 34.6 A and 66.6 A,
respectively, and exceeded the maximum distance constraint.

One anomalous cross-link was an intraprotein cross-link
between K498 and K512 of eEF2 (Supplementary Fig. 3). eEF2
promotes the GTP-dependent translocation of the ribosome and
is transiently bound to the core ribosome during each elonga-
tion cycle. The function of eEF2 indicates the existence of mul-
tiple conformational states of this protein in vivo. Although the
observed cross-link violated the structure of ribosome-bound
eEF2 presented in the cryo-EM map, it is conceivable that it
reflects a conformationally different (e.g., ribosome-unbound)
state of the protein.

The other anomalous cross-link was an interprotein cross-link
between SERBP1-K140 and RPS28-K16. SERBP1 is an mRNA-
binding protein that has an extremely flexible and extended
structure. Of its 408 amino acids, only two segments, spanning
residues 139-188 and 281-303, were positioned on the 80S
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Figure 3 | Mapping detected cross-links on the 80S ribosome. (a) All identified cross-links involving ribosomal proteins were mapped onto the
available part of the human 80S cryo-EM structure (PDB 4V6X). The small subunit (40S) is shown in cyan, and the large subunit (60S) is shown in purple.
Cross-links within the DSSO maximum distance constraint of 28.4 A are indicated by orange (intrapeptide cross-links) and red (interpeptide cross-links)
lines. Cross-links exceeding the maximum distance constraints are represented by magenta lines. (b) A zoomed-in view of the anomalous cross-link
between SERBP1-K140 and RPS28-K16. SERBP1 (red), RPS28 (yellow-green), RPS3 (yellow), RPS12 (orange) and RPS27A (magenta) are highlighted.
The three colored circles (green, blue and purple from left to right) indicate E, P and A tRNA binding sites. (c) A schematic positioning of SERBP1
(shown as a red line) on the 80S cryo-EM structure based on our cross-linking data. The protein color scheme is the same as in b. (d) Cross-link
mapping of eEF2-K512 with RPL23-K75 and eEF2-K512 with RPL23-K113 onto the human 80S cryo-EM structure (PDB 4V6X). RPL23 is shown in blue,
and eEF2 is shown in light brown. (e) Cross-link mapping of eEF1A-K392 with RPL12-K40 onto the rabbit 80S cryo-EM structure (PDB 4UJE). RPL12 is
not included in the rabbit 80S structure; therefore human RPL12 was manually positioned on the rabbit 80S ribosome on the basis of a structural
alignment using Pymol (version 1.5.0.4). RPL12 and eEF1A1 are shown in blue and light brown, respectively. The tRNA is shown in orange.

All high-resolution structures were viewed in Pymol (version 1.5.0.4).

cryo-EM map?! (Fig. 3b). Previous studies have indicated that
SERBP1 residues 139-188 pass through the P- and A-site tRNA
binding sites and interact with the E-site tRNA3!. However, our
cross-linking data suggest that this segment could alternatively be
much closer to RPS28. Considering prior knowledge that SERBP1
passes by the P-, A- and E-site tRNA binding sites and the five
newly identified cross-links between SERBP1 and core ribosomal
proteins from our study, we propose an alternative localization
of SERBP1 on the 80S ribosome (Fig. 3c). When we compared
our SERBP1 positioning to the cryo-EM structure of rabbit 80S
in complex with a 34-nt mRNA fragment®? (PDB entry 4UJE),
we found that our proposed SERBP1 position fit very well with
the mRNA localization in that structure (Supplementary Fig. 4).
This is also in agreement with the function of SERBP1 as the
mRNA-binding protein during protein translation. Furthermore,
we obtained additional information on the conformation of
the C terminus of SERBP1 from five intraprotein cross-links
(Supplementary Fig. 5). These data suggest that SERBP1 pos-
sesses a globular structure at the C terminus (as well as at the
mRNA exit site), as opposed to the extended conformation of
the remaining regions.

Our cross-linking data also led to the identification of interpro-
tein cross-links between ribosomal core proteins and translation
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elongation factors, including one cross-link with eEF1-o1 and
two cross-links with eEF2 (Fig. 3d,e). In the cell, the binding
of elongation factors to ribosomal core proteins is a transient
process. During each cycle of translation elongation, diverse
elongation factors transiently bind to ribosomal core proteins
to facilitate the elongation process. We mapped the identified
cross-links to the cryo-EM structures of the human 80S-eEF2
complex®! (PDB entry 4V6X) and the rabbit 80S-eEF1A-Val-
tRNA-GMPPNP complex? (PDB entry 4UJE) and found that
our data were in good agreement with these published structures
(Fig. 3d,e). Taking the ribosome as an illustrative example, here
we have (1) demonstrated that all mapped cross-links (79 cross-
links in total) can be explained on the basis of known structural
and functional data, (2) provided new structural insights into the
interaction of the SERBP1 protein and (3) shown the capability of
cross-linking in probing distinct transient ribosome complexes, a
unique feature of studies performed on whole lysates, as opposed
to purified samples.

Proteome-wide XL-MS reveals details on structures and
interactions of various protein assemblies

We next surveyed our cross-linking data in a more global
manner. First, we observed many cross-links from structurally
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Figure 4 | Cross-link analysis of selected a
protein complexes. For all panels, all cross-links

that could be mapped onto the high-resolution
structures are within the DSSO maximal distance
constraint of 28.4 A. Interprotein cross-links

are labeled by red lines, and intraprotein

cross-links are labeled by orange lines. (a) The

TriC (CCT) complex in yeast (PDB 4V94). The two
identical subunits are labeled with the same

color. (b) Left, the 26S proteasome of yeast

(PDB 4CR4). The 20S core subunit is shown

in cyan, and the 19S regulatory subunit is c
shown in purple. Right, the rat 20S proteasome

(PDB 1RPY). (c) The bovine Arp2/3 complex

(PDB 1K8K). (d) Myosin in complex with

its requlatory domain (chicken; PDB 3J04).

Cross-links on the myosin C terminus are labeled

with dashed lines because they may represent

contacts between the myosin monomers or

within one monomer. (e) Cross-links showing

the subunit connectivity within the eEF1

complex. aEF1A of Aeropyrum pernix (PDB 3VMF)

is shown in light brown, and human eEF1G

(PDB 1PBU) is shown in green. eEF1A-K154 e
cross-linked with eEF1B-K133 or eEF1D-K189 is

labeled with dashed lines, as one of the

linked peptides is shared by eEF1B and eEF1D.

(f) Interaction of SFPQ and NONO indicated by

two detected cross-links. Human NONO (PDB

3SDE) is shown in green. (g) Interaction of

BCAS2 and CDC5L. (h) The identification of .
a novel protein interaction between PNN eEF1D
and ACIN1. Cross-linking maps were generated
with xiNET3>,

well-studied protein assemblies, including
the molecular chaperonin TriC, the 26S
proteasome, the actin-related protein 2/3
complex, and myosin in complex with its
regulatory light chain (Fig. 4a-d). These
protein assemblies were selected for
structural analysis because high-resolu-
tion structures of the respective proteins or close homologs were
available. Mapping of cross-linked residues on the homolo-
gous structures was achieved by protein-sequence alignment.
Our results show that all cross-links in the resolved parts of the
proteins were in good agreement with the reported structures.
We also were able to identify many cross-links from domains
lacking X-ray or cryo-EM structures, such as the N terminus
of 26S proteasome non-ATPase regulatory subunit 2 and the
C terminus of myosin 9 (Fig. 4b,d).

Furthermore, our cross-linking data provide new information
on previously unknown residue contacts in various protein assem-
blies (Fig. 4e-g). One example is eEF1 (Fig. 4e). Our data provide
evidence for direct interaction in the cellular context between
eEF1D and eEF1G by revealing interprotein cross-links between
eEF1D-K17 and eEF1G-K227, as well as between eEF1D-K117
and eEF1G-K277.

Lastly, we identified a set of cross-links that suggested novel
protein interactions. One example (Fig. 4h) was from a pair
of potentially interacting proteins: pinin (PNN) and apoptotic
chromatin condensation inducer in the nucleus (ACIN1). Both
of these function before or during the pre-mRNA splicing process
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and have been identified as auxiliary components of the splicing-
dependent multiprotein exon-junction compledeposited at the
splice junction on mRNAs33. Our data provide putative evidence
for their direct interaction in cell lysates via an interprotein cross-
link between PNN-K157 and ACIN1-K1073.

DISCUSSION

XL-MS has emerged as a valuable technique for the structural
analysis of purified proteins and reconstituted protein assem-
blies, but investigations of protein structures and interactions
in a cellular context have been hampered, primarily by the lack
of a generic approach that works robustly on complex samples.
Here we show that the combination of MS-cleavable cross-
linkers, CID-ETD fragmentation strategies and the dedicated
XlinkX algorithm provides a generally applicable workflow that
effectively overcomes two major obstacles. Using this approach,
we generated a large cross-linking data set with high confidence
from whole human cell lysates. We show examples illustrating
the versatility of XL-MS for studying flexible or disordered
proteins, capturing transient interactions and uncovering novel
protein interactions.
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To assess the sensitivity of our method at a cellular level, we
compared all proteins involved in cross-links to data from a pre-
viously published study on absolute cellular protein quantities>4.
Not surprisingly, this analysis showed that more than 90% of
proteins in our cross-linking study were among the top 500 most
abundant proteins in HeLa cells. This clearly indicates that the
sensitivity of XL-MS is still limited for analyses of highly complex
samples. Opportunities for further improvements are foreseeable
at both the protein and the peptide level, such as prefractionation
of protein assemblies by size-exclusion chromatography, digestion
of proteins with complementary proteases, and more efficient
approaches for enriching interpeptide cross-links (for example,
the use of affinity-tagged cross-linkers).

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Synthesis and characterization of DSSO. DSSO was synthesized
according to a published procedure, and the observed NMR data
(not shown) were in line with those reported?!.

Cell culture, cross-linking and proteolytic digestion. HelLa
cells (from ATCC; cells were tested for mycoplasma by Hoechst
staining) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin until they reached 80% confluence. Cells were
harvested by trypsinization and washed three times with PBS.
For whole-cell lysate preparation, the cell pellet was resuspended
in cross-linking buffer (20 mM HEPES, 150 mM NaCl, 1.5 mM
MgCl,, 0.5 mM DTT, pH 7.8) containing complete EDTA-free
protease-inhibitor mixture (Roche). Cells were lysed by sonica-
tion on ice for three cycles (30 s in each cycle with 30-s intervals)
with 50% amplitude power. Cell debris was then removed by
centrifugation at 13,800¢ for 20 min at 4 °C. For nuclear-extract
preparation, the cell pellet was first lysed in cellular membrane
lysis buffer (10 mM HEPES, 10 mM KCl, 1.5 mM MgCl,, 0.5 mM
DTT, 0.4% NP-40, pH 7.8) for 10 min on ice. Then nuclei were
pelleted by centrifugation for 10 min at 3,200g. The nuclear pel-
let was resuspended in cross-linking buffer and lysed the same
way as the whole cell by sonication. The protein concentration
was measured via Bradford assay (Bio-Rad). A total of 500 g of
protein for each sample (whole-cell lysate and nuclear extract)
was used for cross-linking, and the protein concentration was
adjusted to 1 mg/ml with the cross-linking buffer.

The DSSO cross-linker was first dissolved in dimethyl sulfoxide
and then added to the cell lysate to a final concentration of 1 mM.
Cross-linking was performed for 1 h at room temperature and
quenched with 20 mM Tris-HCI, pH 8.0. Cross-linked proteins
were denatured with 8 M urea, reduced with 4 mM DTT at 56 °C
for 30 min, and alkylated with 8 mM iodoacetamide at room
temperature for 30 min in the dark, after which additional 4 mM
DTT was added. A first digestion was carried out with Lys-C at
an enzyme-to-protein ratio of 1:75 (wt/wt) at 37 °C for 4 h. The
samples were diluted four times and further digested with trypsin
at an enzyme-to-protein ratio of 1:100 (wt/wt) at 37 °C over-
night. Protein digests were desalted using Sep-Pak C18 cartridges
(Waters), dried and stored at —20 °C for further use.

Strong cation exchange (SCX) fractionation of cross-linked
peptides. The desalted digests were reconstituted in 10%
formic acid and then loaded onto a Zorbax BioSCX-Series II
column (0.8 mm inner diameter, 50 mm length, 3.5 um). SCX
solvent A consisted of 0.05% formic acid in 20% acetonitrile,
and solvent B consisted of 0.05% formic acid, 0.5 M NaCl in 20%
acetonitrile. The SCX gradient was as follows: 0-0.01 min (0-2% B);
0.01-8.01 min (2-3% B); 8.01-14.01 min (3-8% B); 14.01-28 min
(8-20% B); 28-38 min (20-40% B); 38-48 min (40-90% B);
48-54 min (90% B); and 54-60 min (0% B). A total of 50 frac-
tions were collected for each sample, dried and stored at —20 °C
before further use.

LC-MS/MS analysis. Twenty of the later SCX fractions (frac-
tions 21-40), which predominantly contained the longer
and higher charged peptides (z > 3), were analyzed using an
ultra-HPLC Proxeon EASY-nLC 1000 system (Thermo Fisher
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Scientific) coupled on-line to an ETD-enabled LTQ Orbitrap Elite
mass spectrometer (Thermo Fisher Scientific). Reversed-phase
separation was accomplished using a 100-um inner diameter
2-cm trap column (packed in-house with ReproSil-Pur C18-AQ,
3 um) (Dr. Maisch) coupled to a 50-pum inner diameter 50-cm
analytical column (packed in-house with Poroshell 120 EC-C18,
2.7 um) (Agilent Technologies). Mobile-phase solvent A consisted
of 0.1% formic acid in water, and mobile-phase solvent B con-
sisted of 0.1% formic acid in acetonitrile. The flow rate was set to
100 nL/min. A 180-min gradient was used (7-30% solvent B within
151 min, 30-100% solvent B within 3 min, 100% solvent B for 5 min,
100-7% solvent B within 1 min and 7% solvent B for 20 min).

For the MS/MS experiment, we selected the five most abundant
precursors and subjected them to sequential CID-MS/MS and
ETD-MS/MS acquisitions. All spectral data were acquired in the
Orbitrap mass analyzer. For the MS scans, the scan range was set
to 350-1,500 m/z at a resolution of 60,000, and the automatic gain
control (AGC) target was set to 1 x 10°. For the MS/MS scans, the
resolution was set to 15,000, the AGC target was set to 1 x 10°, the
precursor isolation width was 2 Da, and the maximum injection
time was set to 500 ms. The CID normalized collision energy was
35%; the charge-dependent ETD reaction time was enabled, and
the ETD AGC target was set to 1 x 10°.

Data analysis. The raw data files were converted to .mgf files using
Thermo Scientific Proteome Discoverer 1.4 software (Thermo
Fisher Scientific) with the add-on node MS2-Spectrum Processor
as previously described!!. The in-house-developed algorithm
XlinkX was used for the main search. The following settings were
used in XlinkX: precursor ion mass tolerance, 10 ppm; product
ion mass tolerance, 20 ppm; fixed modification, Cys carbami-
domethylation; variable modification, Met oxidation; allowed
number of mis-cleavages, 3. All MS/MS spectra were searched
against the full UniProt human database (retrieved in July 2013,
containing 41,008 target protein entries) using a concatenated
target-decoy database.

XlinkX description. We developed a novel search engine, termed
XlinkX, that can identify (1) disulfide-bridged peptides (through
integration with our previously published disulfide-bridged pep-
tide search engine SlinkS)3¢ and (2) cross-links obtained with
non-cleavable cross-linkers (such as disuccinimidyl suberate and
bis(sulfosuccinimidyl) suberate), ETD cleavable cross-linkers
(such as 3,3’-dithiobis(sulfosuccinimidyl propionate)) and
CID- or HCD-cleavable cross-linkers (such as DSSO2!, succi-
namyl-aspartyl-proline?? and disuccinimidyl-succinamyl-valyl
proline?”). XlinkX is able to assign fragment ions from MS/MS
experiments using CID, HCD, ETD, and EThcD fragmentation.
XlinkX supports the cross-link search via either ‘enumeration’
mode (where all the peptide-pair combinations are considered
(i.e., the n-square database)) or ‘linear peptide’ mode (where
the identification of each linked peptide is based on the indi-
vidual precursor mass and the corresponding product ions).
Because of the database expansion problem, ‘enumeration’ mode
can be applied only when the database contains fewer than
50 proteins; ‘linear peptide’ mode can be used with a database of
any size (albeit with the use of MS-cleavable cross-linkers).

In the following, we provide a detailed description of the algo-
rithm design of the ‘linear peptide’ mode, using the MS-cleavable
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cross-linker DSSO as an example. DSSO embeds two CID- or
HCD-cleavable C-S bonds adjacent to the sulfide?!. When a DSSO
interpeptide cross-link (where o and 3 are the two cross-linked
peptides and the cross-link is indicated as o.-DSSO-) is subjected
to CID or HCD fragmentation, either of the two MS-cleavable
sites may preferentially cleave. Because both ovand 3 peptides can
be attached with either the longer (L) or the shorter (S) arm of the
cross-linker, this cross-linker cleavage results in the formation of
four signature fragment ions (0.-S, o.-L, B-S and B-L) in the MS/
MS spectra (Fig. 1a). In the initial study of the DSSO cross-linker
by Huang’s group, these signature peaks were selected for MS3
acquisitions to provide peptide-sequence information?!. XlinkX,
however, identifies cross-links from MS-cleavable cross-linkers
directly from MS? spectra. This MS? strategy is also applied by the
software MeroX??, which makes use of a signature peak-sensitive
scoring algorithm. However, because MeroX uses the signature
peaks for scoring only, it still searches against the vast n-square
database for identification. Consequently, it works only with
databases containing a limited number of proteins. In contrast,
XlinkX uses the four signature peaks to directly extract the pre-
cursor mass of each constituent peptide of a cross-link and thus
reduces the search space from n? to 2n. This algorithm design
tremendously reduces the database size, allowing us to identify
cross-links directly from the whole human database (a detailed
comparison between MeroX and XlinkX performance is given in
Supplementary Note 1 and Supplementary Table 1).

XlinkX performs the main search in two consecutive steps:
(1) determining the precursor mass and (2) matching the fragment
masses of each linked peptide (Fig. 1b). In the first step, XlinkX
retrieves the precursor mass of each linked peptide by searching for
a unique mass difference (Am) among all possible MS? fragment ion
pairs in the CID spectrum; this is referred to as the Am principle.

Am=my, —mg =mg_ | —My.g=mg.] — Mg (1)

where mp and mg are the masses of the longer and shorter
arms of the cross-linker after gas-phase dissociation, respec-
tively, and my,_1, mg.s, mp.1 and mp_g are the masses of the four
signature peaks.

The two fragment ion pairs that match equation (1) correspond
to the four signature fragments originating from the specific
MS-induced cleavage of the cross-linker. Thus, the precursor
masses of the two linked peptides (the masses of o and ) can
be calculated by

My, = Mg, — M, = Mg — Mg (2a)
mg =mg.y, —my, =mg.g — mg (2b)

where mg, and mg are the masses of the two linked peptides o
and f.

Here three important features are highlighted. First, although
both CID and HCD are able to fragment the DSSO cross-
linker, CID performs slightly better in preserving all four
signature peaks and was therefore used throughout our experi-
ments (a detailed comparison of CID and HCD performance
is given in Supplementary Note 2, Supplementary Table 2
and Supplementary Fig. 6). Second, although we performed
sequential CID-ETD-MS/MS on each MS precursor ion, only
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the fragment ions from the CID-MS/MS spectrum were used to
deduce the precursor mass. This is because the four signature peaks
were present exclusively in the CID spectra, and taking ETD frag-
ment ions into consideration would thus only increase the chance
of random matches. Third, the precursor-mass deduction benefits
significantly from high-quality CID-MS/MS spectra because the
precursor masses (11, and mp) can be retrieved only when all four
signature peaks (a-S, o.-L, B-S and B-L) are observed.

After the signature peaks have been matched, spectra that con-
tain at least one precursor mass pair are considered as poten-
tial cross-linked spectra, and all deduced cross-link pairs from
the above equations are submitted for further peptide-sequence
analysis. XlinkX performs product-ion matching of each MS?
spectrum on the basis of the determined masses of the two linked
peptides (my, and mg) and all fragment ions generated from the
MS precursor. In this step all fragment ions are included in the
search; the CID spectrum is used to search exclusively for b- and
y-ion series, and the ETD spectrum is used to search exclusively
for c- and z-ion series.

XlinkX uses a probability score to calculate the confidence of
each candidate sequence; this score is adapted and modified from
the p-score calculation in ProSightPC (Thermo Fisher Scientific). It
reflects the probability of obtaining at least as good a match between
the observed fragment list and any random sequence by chance.
Alow p-score means that the probability of obtaining a given set of
fragments matching a random sequence is low, and thus it is unlikely
that random chance is the cause of the association. The p-score is
calculated according to the previously published formula3?

—xf (gl
p=1-y Lo ) 3)

i=0 |

where 7 is the number of matching fragments and x is the prob-
ability of an observed fragment ion matching a random theoreti-
cal fragment ion by chance and is equal to

1
x=——X4X(m X2
111.1 (m; % 2) )

where 111.1 is the average mass of an amino acid, 4 is the number
of fragment ions generated from each peptide bond cleavage (b-, y-,
c- and z-ion series), and m; is the user-defined mass tolerance.
fis the calculated total number of MS? fragment ions for each
linked peptide. For example, f for peptide o can be explained as

]

-_ B
f= lo, + ZB X frotal (5)

where I, and [g are the lengths of peptides o and B, respectively,
and fiorq1 is the total number of MS? fragment ions.

The n-score is a measurement that takes the size of the database
into consideration in the probability estimation. It is calculated as

n-score = p(n) x N (6)

where p(n) is the p-score and N is the number of proteins in the
target database. In the XlinkX result file, the n-score of each
linked peptide is reported.
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XlinkX employs the target-decoy strategy to establish the
FDR. The combined database (containing target and decoy
sequences) is used for cross-link identifications, and the FDR
is calculated as

FP

FDR = ————
FP+ TP

@)

where TP represents the true positive matches and FP represents
the false positive matches. In the case of cross-link identification,
FP is the number of cross-links with at least one of the linked
peptides matching the decoy database (target-decoy + decoy-
target + decoy-decoy) and TP is the number of cross-links
with both of the linked peptides matching the target database
(target-target).

doi:10.1038/nmeth.3603

Results were filtered by an FDR of 5% for intraprotein cross-
links and 1% for interprotein cross-links. All identifications and
their annotated spectra are reported in Supplementary Data 1.
Raw files are publically available via the Chorus data repository
(https://chorusproject.org) with project I.D. number 890.

Code availability. XlinkX is publically available at http://
sourceforge.net/projects/xlinkx/ and as Supplementary Software.
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