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a b s t r a c t

Crosslinking mass spectrometry (XL-MS) has emerged as a powerful tool in its own right for the
investigation of protein structures and interactions. Utilizing standard shotgun MS mass spectrometry
equipment and specialized database search software, crosslinked peptide-pairs can be identified and
directly translated into distance constraints for protein structure and protein-protein interaction in-
vestigations. Whereas the gas-phase dissociation behavior of linear peptides is well understood, less is
however known about the gas-phase dissociation behavior of crosslinked peptides. In this work, we set
out to expose the behavior of commonly used non-cleavable and gas-phase cleavable crosslinking re-
agents using synthetic peptides to establish mechanistic insights. We describe that crosslinked peptide
pairs generate specific fragmentation patterns and diagnostic ions under HCD and CID fragmentation
conditions, distinct from mono-linked peptide and non-modified peptides. We discuss in detail the
resulting diagnostic ions that can help distinguishing linear peptides from mono-linked and crosslinked
peptide pairs and how that may be used to further increase the efficiency of XL-MS analysis.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Crosslinking mass spectrometry (XL-MS) has become a standard
tool in the structural biologists toolbox for the investigation of in-
dividual proteins, protein complexes and cellular protein networks
[1]. It plays well with established structural biology techniques like
Cryo-EM and Crystallography and has seen applications as such in
many studies supporting protein placement for highly purified
complexes [2e4]. The method is however not limited to purified
complexes and the technique has been applied to complex cellular
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lysates uncovering many protein-protein interactions (PPIs) from a
single experiment [5e7]. The main advantage of XL-MS over
techniques like AP-MS, which is capable of uncovering interactors
from cellular lysates at high speeds [8], is its ability to uncover PPIs
complete with distance constraints useful for integrative structural
modeling [9]. The crosslinking reagents used for this purpose are
functionalized with reactive groups, such as NHS-esters, capable of
forming a covalent bond with specific amino acids. The side-chains
of two separate amino acids (e.g. lysines) in close proximity can
consequently be connected by a stable molecular bridge, fixing the
structure of the proteins in their bound state. After the crosslinking
reaction, proteins are digested to peptides and four distinct mass
spectrometry identifiable peptide products are obtained: non-
modified, monolinked, looplinked and crosslinked peptides [10].
The monolinked peptides are produced by reaction of one of the
NHS esters to a lysine while the other ‘quenches’ either by hydro-
lyzing or reacting with Tris (tris(hydroxymethyl)aminomethane),
which is typically added as a quenching reagent. Valuable distance
information is exclusively obtained from the crosslinked peptides.
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“Intra-links” (the two peptides originate from the same protein)
provide information about protein structure and “inter-links” (the
two peptides originate from different proteins) provide informa-
tion on interacting proteins and their binding interfaces. Unfortu-
nately, the detection of crosslinks is challenging. One reason for this
is the low abundance of crosslinked peptide products. From avail-
able data, we estimate a reaction efficiency of approximately 1e5%
[11,12]. To alleviate this situation, extensive pre-fractionation is
typically applied prior to LC-MS/MS analysis separating the cross-
linked peptides from the rest of the peptide products by their larger
size and/or higher overall positive charge (Fig. 1a) [13]. Another
challenge lies in the resulting fragmentation spectra, which, when
the crosslinked peptides are fragmented concurrently, tend to
contain a large degree of information for one of the peptides (a
peptide) exclusively while the other remains largely intact (b
peptide) [14].

Current state-ofethe-art crosslinking reagents are typically
either non-cleavable or gas-phase cleavable (Fig. 1b). To assist in
automated identification of non-cleavable crosslinked peptides,
crosslinking reagents have been developed with two distinct heavy
and light stable isotope forms [15]. Upon mixing light and heavy
crosslinked samples, the crosslinked peptides can be pinpointed by
the presence of two isotope patterns. Even though this approach
helps to reduce the number of fragmentation spectra to be
analyzed, non-cleavable crosslinking still faces a major hurdle in
that for each fragmentation spectrum a single precursor mass de-
scribes two unknown peptides. This leads to the situation where
every peptide from a protein database must be combined with
every other peptide to locate the correct peptide pair (n2 database
search problem). A different approach is incorporating a gas-phase
cleavable moiety in the spacer region. Under low energy frag-
mentation conditions these internal moieties (e.g. sulfoxides, urea
or aspartic acid-proline) form characteristic product ions while
leaving the individual peptides intact [16,17]. Cleaved peptides
originating from the crosslinked peptide pair can be further frag-
mented and sequenced, reducing the search space from n2 to 2n.
This improves the confidence of the identification, as the mono-
isotopic mass of each peptide can be read out individually after
cleaving the crosslinking reagent. Additionally, the characteristic
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Fig. 1. Workflow for crosslinking mass spectrometry. (a) Digestion of crosslinked protei
Fractionation of this mixture (II) is followed by LC-MS measurement (II). (b) Schematic depic
can also incorporate an enrichment-handle or gas-phase cleavable moieties. (c) Depiction
product ions typically represent a fixed mass difference serving the
same purpose as the heavy labels for non-cleavable crosslinking
reagents. While proteome-wide studies benefit greatly from the
use of cleavable crosslinkers, for both proteins and protein com-
plexes the use of non-cleavable crosslinkers is sufficient. We are
however not aware of a comprehensive study that benchmarks
cleavable and non-cleavable crosslinkers in a comprehensive
manner.

When co-fragmenting the crosslinked peptide-pair (inevitable
for non-cleavable reagents and optional for cleavable reagents),
spectra with a higher degree of complexity are observed when
compared to normal shotgun mass spectrometry experiments. This
is mostly due to the presence of two peptides, but fragmentation
behavior induced by the covalent link of the crosslinking reagent
also plays a role here. Building on this, further fragmentation
pathways may occur, e.g. the generation and fragmentation of
immonium ions, individual amino acid residues as well as internal
ions that are produced by cleavage of bonds from the N- and C-
terminal side first demonstrated in seminal work by Gaucher et al.
[18], Santos et al. [19] and Seebacher et al. [15] (Fig. 2a). Potentially,
cleavage can also appear in the crosslinker region itself giving rise
to even more complicated fragmentation ions. In this work, we
highlight and extend upon existing literature reporting on the
fragmentation of crosslinked peptides and illustrate the points by
use of both synthetic model peptides as well as crosslinked BSA
peptides. Widely used crosslinking reagents, both non-cleavable
(DSS, BS3) and gas-phase cleavable (DSSO [16]) are evaluated. As
fragmentation techniques for the peptides, we utilize the most
commonly used CID and HCD fragmentation techniques.

2. Materials and Methods

Reagents. As crosslinking reagents, we selected crosslinkers
with NHS ester based reactive groups as these are the most
commonly used reagents. Our selection of three crosslinkers with
this reactivity include DSS, BS3 and DSSO (Table 1). Of these, DSS
and BS3 are the simplest crosslinkers and are non-cleavable. DSSO
on the other hand is a gas-phase cleavable crosslinker. Even though
DSS and BS3 differ in their design as unreacted reagents, after the
ractionation
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Fig. 2. The usual suspects as extracted from crosslinked BSA peptides. (a) Back-bone
fragmentation of crosslinked peptides. (b) Frequency distribution of the possible linear
fragmentation ions (b- and y-ions) and crosslink-specific fragmentation ions (b_ab and
y_ab). The percentage of detected ions was calculated from all identified ions in the
MS2 spectra.
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reaction the crosslink forming the bridge between the two lysines
is after reaction precisely the same. We therefore consider DSS and
BS3 as replicate experiments.

Synthetic peptides were custom-made by JPT Peptide Technol-
ogies GmbH (Berlin, Germany), with the following sequences: Ac-
AAAAKAAAAAR, Ac-AAAAKAPAAAR. The sequences were selected
to provide an acetylated N-terminus. In this way, only the amine of
the lysine side chain was crosslinked using the lysine reactive
Table 1
Chemical details of used crosslinking reagents.

Crosslinker Structure

DSS

BS3

DSSO

Reporter ions:
Alkene C3H2O
Thiol C3H2OS
Sulfenic Acid C3H4O2S
crosslinkers and therefore an intra-crosslink between the same
peptide was formed. The simple structure of the polyalanine scaf-
fold ultimately simplifies the identification of fragmentation
products and allows for improved access to the generated
fragments.

Crosslinking of synthetic peptides and BSA. For each of the
selected crosslinking reagents, the linker was freshly dissolved at a
concentration of 20mM in DMSO. The final solutions were ali-
quoted in eppendorf tubes and stored at �20 �C until further use.
Each aliquot was used once only, as the reactive NHS-esters of the
crosslinkers can potentially hydrolyze. Prior to opening an aliquot,
slow heating to room temperature is required to avoid additional
water in the solution. The crosslinking reagent was added to a mix
of synthetic peptides (10 mL, 5mM in 1xPBS) at a final concentration
of 2mM. The crosslinking reaction was incubated for 1 h at room
temperature and then stopped by addition of 5 mL Tris (100mM, pH
8). Afterwards, the samples were desalted with C18 Seppak and
stored at �20 �C until further use.

BSA (100 mg, 1mg/mL in PBS) was incubated with 1mM of the
crosslinking reagent for 45min at room temperature. The cross-
linking reaction was quenched by addition of Tris (100mM, pH 7.5)
to a final concentration of 10mM. Residual crosslinking reagent
was removed by size-cut-off filters (Vivaspin 500 K 10 kDa MWCO
centrifugal filter units) with three volumes of Tris (100mM, pH 7.5).
Crosslinked BSA (in 50mM Tris, pH 7.5) was reduced with DTT
(dithiothreitol; final concentration of 2mM) for 30min at 37 �C,
followed by alkylation with IAA (iodacetamide; final concentration
of 4mM) for 30min at 37 �C. This reaction was quenched by addi-
tion of DTT (final concentration of 2mM). Then, the sample was
digested by incubationwith LysC (1:75 enzyme to protein) for 1 h at
room temperature and trypsin (1:50 enzyme to protein) for 10 h at
37 �C, after which formic acid (final concentration of 1%) was added
to quench the digestion. The final sample was stored at�20 �C until
further use.

Direct infusion MS/MS. The crosslinked synthetic peptide
samples were sprayed directly into an Orbitrap Fusion mass spec-
trometer with the nano-spray source (Thermo Scientific; San Jose,
Ca) [20]. Ions of masses of crosslinked peptides or monolinks were
calculated and used to manually set up isolation by quadrupole and
fragmentation steps in the ion-trap with HCD activation at different
energies (NCE: 0e40) with readout in the Orbitrap at resolution
120000. Maximum injection time was set to 100ms with AGC
turned on at 1e5 ions to ensure maximum coverage of all generated
Properties Modifications

Non-cleavable; spacer of 12 Å. Linker after reaction:
C8H10O2

Monolink H2O:
C8H12O3

Monolink Tris
C12H21O5N

Non-cleavable; spacer of 12 Å. Linker after reaction:
C8H10O2

Monolink H2O:
C8H12O3

Monolink Tris
C12H21O5N

Gas-phase cleavable; spacer of 11 Å. Linker after reaction:
C6H6O3S
Monolink H2O:
C6H8O4S
Monolink Tris
C10H17O6SN



B. Steigenberger et al. / International Journal of Mass Spectrometry 444 (2019) 1161844
products regardless of their abundance. For each energy multiple
scans were collected, providing insight in the stability of the frag-
mentation products and is represented as error-bars.

LC-MS/MS. The datawere acquired using an UHPLC 1290 system
(Agilent Technologies; Santa Clara, Ca) coupled on-line to an
Orbitrap Fusion mass spectrometer (Thermo Scientific; San Jose,
Ca) [20]. Peptides were first trapped (Dr. Maisch Reprosil C18, 3 mm,
2 cm� 100 mm) prior to separation on an analytical column (Agi-
lent Poroshell EC-C18, 2.7 mm, 50 cm� 75 mm). Trapping was per-
formed for 10min in solvent A (0.1M formic acid in water), and the
gradient was as follows: 0e10% solvent B (0.1M formic acid in 80%
ACN) in 5min, 10e44% in 20min, 44e100% in 3min, and finally
100% for 2min (flow was passively split to approximately 200 nL/
min).

For non-cleavable crosslinkers, the MS/MS-method was as
follows: The mass spectrometer was operated in a data-dependent
mode. Full-scan MS spectra from m/z 350e1300 Th were acquired
in the Orbitrap at a resolution of 60,000 after accumulation to a
target value of 1� 106 with a maximum injection time of 20ms.
Source fragmentation was enabled at an energy of 15 V. The total
allowed cycle time was set to 3s. Charge states included for frag-
mentation were set to 3e8. Dynamic exclusion properties were set
to n¼ 1 and to an exclusion duration of 15 s. For MS/MS fragmen-
tation scans different settings were used:

1. Stepped HCD fragmentation: Ions were isolated in the quad-
rupole, stepped HCD fragmentation was performed in the ion
trap and acquired in the Orbitrap at a resolution of 30,000 after
accumulation to a target value of 1� 105 with an isolation
window of m/z 1.4 Th and maximum injection time 120ms. The
stepped HCD collisional energies were set to 31.5, 35 and 38.5%.

2. HCD fragmentation: Ions were isolated in the quadrupole, HCD
fragmentation (MS/MS) was performed in the Ion Trap and ac-
quired in the Orbitrap at a resolution of 30,000 after accumu-
lation to a target value of 1� 105 with an isolationwindow ofm/
z 1.4 Th and maximum injection time 120ms. The HCD colli-
sional energy was set to 35%.

3. CID fragmentation: Ions were isolated in the quadrupole, CID
fragmentation (MS/MS) was performed in the Ion Trap and ac-
quired in the Orbitrap at a resolution of 30,000 after accumu-
lation to a target value of 1� 105 with an isolationwindow ofm/
z 1.4 Th and maximum injection time 120ms. The collisional
energy was set to 35%.

For cleavable crosslinkers, the MS/MS-method was as follows:
The mass spectrometer was operated in a data-dependent

mode. Full-scan MS spectra from m/z 350e1300 Th were acquired
in the Orbitrap at a resolution of 60,000 after accumulation to a
target value of 5� 105 with a maximum injection time of 50ms.
The cycle time for the acquisition of MS/MS fragmentation scans
was 3s. Charge states included for fragmentation were set to 4e8.
Dynamic exclusion properties were set to n¼ 1 and an exclusion
duration of 12 s. The intensity threshold for fragmentation was set
to 2.0� 104. For the first scan event (MS2 fragmentation), ions were
isolated in the quadrupole. CID fragmentation (MS2) was per-
formed in the Ion Trap and acquired in the Orbitrap at a resolution
of 30,000 after accumulation to a target value of 5� 104 with an
isolation window m/z 1.6 Th and maximum injection time 35ms.
The collisional energy was set to 30%. Charge states 1e6 were
included for MS3 fragmentation. Ions were selected for MS3 frag-
mentation based on the targetedmass difference with a delta M1 of
31.9721 (DSSO). The number of dependent scans was set to 4. HCD
fragmentation (MS3) was performed and acquired in the Ion Trap
after accumulation to a target value of 2� 104 with a MS isolation
window m/z 2Th, a MS2 isolation window of 2Th and maximum
injection time 50ms. The HCD collisional energy was set to 30%.
Data analysis. The acquired raw data were processed using

Proteome Discoverer (version 2.3.0.522) with the XlinkX nodes
integrated. For linear peptides a database search was performed
using the standard Mascot node as the search engine. Cysteine
carbamidomethylation was set as fixed modification. Methionine
oxidation and protein N-term acetylation was set as dynamic
modification. For the search of potential monolinks, water-
quenched monolinks and Tris-quenched monolinks were set as
dynamic modifications (see Table 1). Trypsin was specified as the
cleavage enzyme with a minimal peptide length of six amino acids
and up to two missed-cleavages were allowed. Filtering at 1% false
discovery rate (FDR) at the peptide level was applied through the
Percolator node. For crosslinked peptides a database search was
performed against a FASTA file only containing the proteins under
investigation using the XlinkX nodes for crosslink analysis. The
crosslink modification was set as specified in Table 1. Cysteine
carbamidomethylation was set as a fixed modification and methi-
onine oxidation and protein N-term acetylation were set as dy-
namic modifications. Trypsin was specified as enzyme and up to
two missed-cleavages were allowed. Furthermore, identifications
were only accepted with a minimal score of 40 and a minimal delta
score of 4. Otherwise, standard settings were applied. Filtering at
1% false discovery rate (FDR) at the peptide level was applied
through the XlinkX Validator node. All false discovery rate correc-
tions were calculated with the classical target decoy strategy as
described by Elias et al. [21]. In the consensus step, the results from
the processing workflow are subjected to a final filtering step and
organized in the output tables. Additionally, the protein identifi-
cations are FDR controlled to 1% in the node Protein FDR Validator
and the identified crosslinks are finally grouped on protein position
by the XlinkX Crosslink Grouping node.

From the BSA raw-files the following number of identifications
were obtained: (DSS) 31 crosslinks from 72 fragmentation scans, 91
monolinks; (BS3) 52 crosslinks from 98 fragmentation scans, 125
monolinks; and (DSSO) 15 crosslinks from 25 fragmentation scans,
17 monolinks. These results were used for further downstream
analysis with in-house developed tools for the extraction of met-
adata and mass/intensity traces from the mass spectrometry files
based onMSFileReader (Thermo Fisher Scientific) and the fragment
annotation engine from XlinkX. The output was further processed
with the R scripting and statistical environment [22] using ggplot
[23] for data visualization. The datasets used for analysis have been
deposited at the ProteomeXchange Consortium via the PRIDE
partner repository (PXD013083).

K-means clustering and decision tree classification. To
distinguish fragmentation spectra between normal and crosslinked
peptides we used a K-means clustering algorithm developed in C#
(correctness was tested for many test-cases in R). As input data, the
monoisotopic masses of all peaks in the fragmentation spectrum
were used and the maximum allowed clusters (or k) was set to 3
(reflecting the presence of a lowmass, high mass, and intermediate
mass set of peaks as described in the Result and Discussion). For
decision tree logic, we implemented a simple if-then-else strategy
based on the parameters described in the Result and Discussion.

3. Results and discussion

The usual suspects. Interpretation of crosslink spectra is not
trivial due to the fact that two peptides are covalently connected by
a crosslinking reagent resulting inmore complicated fragmentation
spectra. In addition to normal peptide fragmentation in the form of
y and b ions of one of the peptides (e.g. y_a for y-ions originating
from the a peptide), highly specific fragment ions for the cross-
linked peptides are produced that differ from linear peptides [24].
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For example, collisional activation breaks the peptide bonds of one
of the connected peptides to generate b and y ionswhile leaving the
other peptide intact (e.g. y_ab for y-ions originating from the a-
peptide connected by the crosslinking reagent to the complete b
peptide). This opens up the possibility to use standard notation
used for single peptide spectra carrying a posttranslational modi-
fication (Fig. 2a). To map how the cleavable and non-cleavable
linkers behave under collisional fragmentation conditions, we
counted the number of occurrences of all possible fragment types
(Fig. 2b). In this experiment we utilized HCD for the non-cleavable
crosslinkers and CID for the cleavable crosslinker as described in
the experimental section. CID for the cleavable linker was selected
to form the reporter ions, however in this fragmentation mode also
a large number of peptide cleavage products are observed. Up to
40% of all observed fragments for non-cleavable crosslinks account
for normal y-ions and up to 35% of all observed fragments account
for normal b-ions of one of the crosslinked peptides. Furthermore,
up to 13% of observed fragments are y-ion and up to 15% are b-ions
of one peptide still connected to the other peptide, carrying the
second peptide as a PTM. Most interestingly, for the cleavable
crosslinker DSSO this observation is reversed, likely arising from
CID fragmentation. Overall, the fragmentation spectra behave
similarly to PTM-carrying peptides and can therefore be inter-
preted by automated database search tools.

Reporter ions for cleavable linkers. The gas-phase cleavable
crosslinking reagent DSSO utilizes a sulfoxide group adjacent to an
acidic H-atom in b-position. Upon gas-phase activation, the sulf-
oxide moiety fragments by elimination of water in a similar fashion
Fig. 3. Linker cleavage of DSSO. (a) Formation of the reporter ions from the cleavable lin
crosslinked synthetic peptides under increasing HCD and CID energies. (c) Presence of each o
refers to the percentage of reporter ions found in the total amount of identified ions in the cr
directly infused crosslinked synthetic peptides shows the formation of an additional reporter
synthetic peptides under increasing HCD and CID energies.
as would happen in a sulfoxide pyrolysis without the need for
temperatures over 100�C (likely due to the slow heating mecha-
nism employed by collisional fragmentation techniques). This re-
action is an intramolecular elimination reaction, which forms an
Alkene and a Sulfenic Acid fragment through a cyclic transition
state (Fig. 3a). To gain insight into the properties of collisional
induced fragmentation of the sulfoxide group, we performed static
spray experiments with the crosslinked synthetic peptide utilizing
CID and HCD fragmentation (Fig. 3b). HCD readily achieves the
cleavage of the sulfoxide group with an apex at HCD NCE¼ 15,
althoughwe note that at more elevated energies the individual ions
disappear quickly. CID achieves the apex slightly later at CID
NCE¼ 20, but largely retains the signal of at least the singly charged
products at more elevated energies. As not all peptide pairs are
expected to behave equally under collisional activation, it is
attractive to use elevated collisional energies to ensure that in all
cases the sulfoxide is cleaved, making CID the method of choice.
This is also readily observed in the literature describing CID as the
method to cleave the sulfoxide group [16]. However, we note that
HCD with stepped collisional energy can also be used to cleave the
sulfoxidewhile still providing balanced peptide fragmentation [25].
To gain insight into how often the reporter ions are generated (and
therefore can be used for identification of a crosslink), we looked
for their presence in a DSSO crosslinked BSA peptide mixture ac-
quired with the described MS2-MS3 method (see Materials and
Methods). We analyzed the acquired data with a non-cleavable
database search to prevent use of the presence of the reporter
ions (Fig. 3c). We found, that for only 50% of the spectra identified
ker DSSO (SA¼Sulfenic Acid; Al¼Alkene). (b) Behavior of reporter ion generation of
f the reporter ions in the identified mass spectra of crosslinked BSA peptides. The y-axis
osslinked spectra (from a non-cleavable database search). (d) Fragmentation analysis of
ion by fragmentation of SA to Thiol. (e) Behavior of Thiol ion generation for crosslinked
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using the non-cleavable database search, the reporter ions can
successfully be detected. Therefore, the efficiency of the cleavage of
the sulfoxide inside the fragmentation chamber appears to be
around 50%. This means that when utilizing the reporter ions for
database searches, at least 50% of the identifications are lost.

The Sulfenic Acid fragment will eliminate water to form a Thiol
fragment (Fig. 3d). To verify themechanism of the conversion of the
Sulfenic Acid to Thiol we additionally performed a MS3 fragmen-
tation step, where the Sulfenic Acid was isolated and further frag-
mented by HCD and CID fragmentation (Fig. 3e). Under increasing
HCD fragmentation energy the Sulfenic Acid fragment is not readily
converted into the Thiol fragment and elevated energies only
decrease the availability of the Sulfenic Acid reporter ion, likely due
to peptide bond fragmentation becoming more favorable. For
increasing CID fragmentation energy however, the Sulfenic Acid is
converted into the Thiol, providing a stable reporter ion. At
NCE¼ 30 both forms exist in near equilibrium, supporting our
finding that both are readily available in most fragmentation
spectra (Fig. 3e).

Lysine and crosslinker specific immonium ions give rise to
diagnostic marker ions. Immonium ions are a type of internal
fragment formed by a combination of N- and C-terminal frag-
mentation which are typically abundantly present in collisional
induced fragmentation spectra. Given their prominence, these ions
were formerly used to predict the presence of the amino acid
whose side-chain gave rise to the ion [26]. In a previous study on
non-cleavable crosslinking reagents, Gaucher et al. [18] observed
the presence of crosslink reagent specific immonium ions for lysine
reactive crosslinking reagents using only synthetic peptides, which
we replicate here solely for HCD fragmentation. These lysine
immonium ions are connected to the linker and as such remain
attached to the second, intact peptide (Fig. 4a and b). As described
by Santos et al. [19], further fragmentation of the immonium ion (1)
occurs via a nucleophilic attack of nitrogen (I) on the imine func-
tionality of the immonium ion forming a 6-membered ring (2)
(Fig. 4a). Moreover, the protonated amine (II) of (3) can be elimi-
nated to create a tetrahydropyridine ion (4). Finally, a neutral loss of
83Da produces a carbonyl-ion (5). Therefore, we can detect five ion
products. The immonium ion [IM] is the starting ion (Fig. 4b).
Following the described reaction mechanism a further diagnostic
ion, such as the linker cleavage [LC] is produced (Fig. 4c). Poten-
tially, the linker cleavage arises from the tetrahydropyridine ion (4)
and its consecutive neutral loss of 83Da. Further fragmentationwill
result in diagnostic marker ions [M1], [M2] and [M3], which are no
longer connected to a peptide backbone (Fig. 4d). Thus, these ions
are peptide independent and can be used to reveal spectra as
crosslinked spectra prior to data analysis. The ion [M1] is produced
by the formation of (2) for the a-peptide and the formation of (5)
for the b-peptide. The ion [M2] is produced by the formation of
tetrahydropyridine (4) for the a-peptide and the formation of (5)
for the b-peptide. The ion [M3] is produced by the formation of
tetrahydropyridine (4) for the a-peptide and the b-peptide. In our
exemplary spectrum of a DSS crosslinked synthetic peptide (Ac-
AAAAKAAAAAR) we identified all these products at charge state 1
(Fig. 4e); the immonium ion (m/z¼ 1222.72 Th), a further frag-
mentation product (m/z¼ 1205.69 Th; �17 or ammonia loss of
immonium ion), and the linker cleavage (m/z¼ 1122.62 Th). As
example, the most abundant diagnostic ion, [M3], is detected at
305.22 Th.

To determine how the formation of the immonium associated
ions are affected by increasing collisional energies, we plotted the
intensity behavior for these peaks and reference their intensity
against the terminal fragment y6 (the most abundant fragment ion
in the spectrum) over a range of energies for HCD fragmentation
(Fig. 4f). In comparision to the terminal y6-ion, higher collisional
energies are required to generate the immonium specific ions (HCD
NCE¼ 25 for the y6 fragment vs NCE¼ 35 for the immonium and
linker cleavage ions; left panel). At HCD NCE¼ 25 immonium ions
will be equally formed, however, the linker cleavage is compara-
tively low intense and will be more difficult to detect. In terms of
abundance, the ions are approximately at a quarter of the intensity
of the most abundant and in the range of the vast majority of the
normal b- and y-fragments. As such, immonium ions at the very
least can be expected to be present in a large majority of the
crosslinked peptide-pair spectra. Likewise, for the diagnostic ions
we observe their presence at elevated energies (right panel). The
[M3] diagnostic ion is the most abundant for this peptide, with
[M1] and [M2] at difficult to detect levels. That the [M3] diagnostic
ion is themost abundant compared to the [M1] and [M2] diagnostic
ions can be readily explained as the latter resemble b-ions and
which are known to be more difficult to detect [27]. To get an
overview how often these ions are detectable in larger datasets we
looked for their presence in our BSA datasets. For non-cleavable
crosslinkers the immonium ion is abundantly present and detect-
able for both peptides in approximately 80% of the spectra (Fig. 4g).
As such, these ions provide excellent support for the identities of
the peptides and can be used by automated search engines to make
this verification completely automatically. The cleavable cross-
linking reagent as anticipated produces none of these immonium
ions under commonly used CID-fragmentation conditions. In
contrast to the immonium ions, the linker cleavage is not present in
the large majority of the spectra (Fig. 4h). For all crosslinking re-
agents, the linker cleavage is difficult to detect and can provide no
further information for fully automated database searches. How-
ever, the diagnostic ions [M1] and [M3] can readily be detected for
roughly 30% of the fragmentation spectra and can provide extra
assurance for crosslinked peptide spectra (Fig. 4i). For DSSOwe find
the same set of ions (specific to the structure of DSSO) in HCD
fragmentation conditions, but not in CID fragmentation conditions
(data not shown).

Monolinks produce similar immonium derivative ions. To our
knowledge so far not reported, here we find that non-cleavable
monolinked peptides produce a similar set of diagnostic ions.
These diagnostic monolink ions exist in different versions, depend-
ing on the reagent used for the quenching of the crosslinking reac-
tion (Fig. 5a). Similarly to the [M1], [M2] and [M3] ions, this
monolink specific set of ions is produced under collisional frag-
mentation conditions after the lysine connected to the quenched
crosslinking reagent forms an immonium ion. We identify three
different products, each carrying the specific group of the quenching
reagent, and term these ions [N1], [N2], and [N3] in line with the
nomenclature introduced by Gaucher et al. [18]. To determine how
different collisional energies affect the formation of this particular
set of immonium associated ions, we plotted the intensity behavior
for these peaks over a range of energies for CID and HCD fragmen-
tation (Fig. 5b). Both CID and HCD readily form the diagnostic ion
[N2] at peptide fragmentation energy levels for both H2O as well as
Tris (only H2O shown), apexing for HCD at NCE¼ 30. The other two
diagnostic ions ([N1] and [N3]) are produced, but at much lower
abundances and are potentially of limited interest. To get an over-
view how often these ions are detectable in larger datasets we
looked for their presence in our BSA datasets. For non-cleavable
crosslinkers the diagnostic ions are detectable in approximately
80% of the spectra for water quenched monolinks (Fig. 5c). The [N2]
ion which harbors a tetrahydropyridine moiety dominates like the
[M3] ion. In all, the presence of this set of diagnostic ions provides
excellent support for identifying whether or not the fragmentation
spectrum is the result of a monolinked peptide.

Cleavable crosslinking reagents also produce a set of diagnostic
ions. However, their ability to cleave in the gas-phase results in a far



Fig. 4. Immonium ion derived fragments. The shown fragment formation is specific for DSS (and BS3), although other non-cleavable linkers also show this behavior. (a)
Mechanism of the formation of linker specific diagnostic ions. R equates further lysine side chain and peptide. (b) Formation of an immonium ion still connected to the intact
peptide partner. (c) Cleavage of the linker at a weaker point in the molecular structure of the reagent. (d) Diagnostic ions formed from the immonium ion. (e) Exemplary fragment
spectrum of a crosslinked synthetic peptide. Zoom-in top-left, the most abundant diagnostic ion; zoom-in top-middle, peak of the liberated peptide after the linker cleavage; zoom-
in top-right peaks associated to the immonium ions. (f) Fragmentation energy ramp with the formation of immonium and linker cleavage ions in black compared to the most
abundant terminal fragment in grey (left panel), formation of the diagnostic ions (right panel) of a crosslinked synthetic peptide. (g) Percentage of spectra of crosslinked BSA
peptides containing the immonium ions (both e a and b peptides, single e one peptide produced the ion). (h) Percentage of spectra of crosslinked BSA peptides containing the
linker cleavage ions. (i) Percentage of spectra of crosslinked BSA peptides containing the diagnostic ions. The y-axis refers to the percentage of ions found in the total amount of
identified crosslinked spectra.
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more complex situation where we identify for DSSO a total of 12
different diagnostic ions of which six carry monolink specific in-
formation (Fig. 5d). The total group is initially built up of similar
(intact) diagnostic ions as seen for DSS ([N1], [N2], and [N3]).
However, the complexity arises upon cleavage of these initial
diagnostic ions (resulting in Alkene, Sulfenic Acid and Thiol frag-
ments). We investigate six ions potentially formed for both hy-
drolyzed as well as Tris quenched monolinks, which we term [N01]
up to [N06]. Each quenching reagent additionally produces three
specific ions, which we term [N001], [N002], and [N003], however,



Fig. 5. Immonium derivative ions for monolinks. (a) Fragmentation spectra contain three distinct diagnostic ions for each quenching reagent (depicted here for DSS). (b)
Fragmentation energy ramp of a crosslinked synthetic peptide with the formation of DSS diagnostic ions in black compared to the most abundant terminal fragment in grey. (c)
Percentage of spectra of crosslinked BSA peptides containing the diagnostic ions. (d) The fragmentation spectra for the monolink of the cleavable crosslinker DSSO contain nine
further diagnostic ions, for which three are distinct for each quenching reagent (depicted here for DSSO). (e) Fragmentation energy ramp of a crosslinked synthetic peptide with the
formation of DSSO diagnostic ions. (f) Percentage of spectra of crosslinked BSA peptides containing the diagnostic ions for the water-quenched monolink under HCD fragmentation
(MS2). (g) Percentage of spectra of crosslinked BSA peptides containing the additional diagnostic ions for the water-quenched monolink under HCD fragmentation (MS2).
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detection of the diagnostic ions for the Tris monolinks in compar-
ison to the H2O monolinks is far more difficult. To determine how
different collisional energies affect the formation of this particular
set of immonium associated ions, we plotted the intensity behavior
for these peaks over a range of energies for HCD fragmentation
(Fig. 5e). CID appears not to produce this set of ions; however, HCD
readily produces the [N002] ion. To get an overview how often these
ions are detectable in larger datasets we looked for their presence
in our BSA datasets. For the cleavable crosslinking reagent we
observe the [N1] ion as the most frequent, whereas the [N2] and
[N3] ions are less visible (Fig. 5f). Overall these ions are present in
only 20% of the spectra in sharp contrast to the monolinks of non-
cleavable crosslinkers indicating that further cleavage at the sulf-
oxide occurs. For those sulfoxide cleavage products we observe the
[N03], [N05] and [N06] diagnostic ions most frequently with [N03]
visible in almost 80% of the spectra (Fig. 5g). The [N03] ion is the
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alkene fragment with a tetrahydropyridine moiety which for
diagnostic ions is the most intense. The quenching reagent specific
ions are however not detected under these experimental condi-
tions, which can be explained from the necessity of elevated
collisional energies, which for the settings typically used is not
sufficient.

Given the higher difficulty in detection of the diagnostic ions for
the Tris monolinks in comparison to the H2O monolinks, it seems
relevant to move away from quenching the crosslinking reaction
with Tris in favor of producing the H2O monolinks which can be
done by addition of highly basic sodium bicarbonate buffer. This
results in H2O type monolinks, which improves both the detection
of the set of diagnostic ions as well as reduces the linear peptide
database searches [28].

Distinct features in fragmentation spectra. Given the presence
of both distinct fragment types (e.g. y_a and y_ab) and specific
diagnostic ions, we hypothesized that crosslinked peptide frag-
mentation spectra can potentially be distinguished a-priori from
those generated from normal peptides. To illustrate, we extracted
the fragmentation spectra for precursor ions of similar m/z and the
same charge state of z¼ 4 (Fig. 6a). From the recorded, non-
deconvoluted spectra some identifiable features already appear
like the more elevated charge states and the diagnostic ion [M3] for
the crosslinked peptide spectrum (top-panel), when compared to
the linear peptide spectrum (bottom panel); however, the spectra
are apart from this not strikingly different. When de-isotoping the
spectra the visual difference becomes readily apparent (Fig. 6b).
The crosslinked peptide spectrum exhibits two separate groups of
peaks (top panel), which is not so apparent in the linear peptide
a

c d

200 400 600 800 1000 1200

715.44
z=1

941.36
z=2515.33

z=1402.24
z=1 1023.39

z=2463.08
z=1 1114.45

z=2289.16
z=1173.12

z=1
883.85

z=2768.80
z=2 1180.50

z=2
603.21

z=1

200 400 600 800 1000 1200
0

20

40

60

80

100
881.47

z=3

204.08
z=1

508.25
z=1

814.76
z=3361.18

z=1
232.07

z=1 772.08
z=3559.30

z=1 905.15
z=3

1079.07
z=2414.18

z=1
660.35

z=1
1184.64

z=2

precursor

In
te

ns
ity

0

20

40

60

80

100

In
te

ns
ity

m/z [Th]

m/z [Th]

>10 isotope patterns
 detected

>5 isotope patterns z>1

M1,M2,M3

Two distinct clusters

no
yes

no
no

yes
remove

no

remove

remove

no

remove

yes

N1,N2,N3
yes

yes

accept

accept

Scan: 8212   m/z=719.12 (z=4)

Scan: 11528   m/z=719.33 (z=4)

Fig. 6. A-priori distinction of crosslinked peptide spectra. (a) Representative fragmentatio
isotope deconvolution (right panel). Two very distinct m/z clusters are observed. (b) Repre
cursor m/z and the same charge state). (c) Decision tree logic for the a-priori selection of c
spectrum (bottom panel). Automated detection of the separate
clusters can be achieved with a K-means clustering algorithm [29].
We apply this algorithm to divide the detectedmasses in 3 clusters:
a lowmass cluster (cluster I), a highmass cluster (cluster II) and the
cluster with masses between the low and high mass clusters
(cluster e). For each of the clusters we calculate the median mass
and the mass standard deviation.

Thefilter uses the clustering results and is set up as a decision tree
(Fig. 6c). The first step in the tree is intended to ensure sufficient data
quality, consisting of verification that a minimal complement of 10
detectable isotope patterns of which at least five have a charge state
>1. This step is introduced as crosslinked mass spectra tend to be
more crowded, originate from precursors with a charge state >2 and
therefore peaks should existwith a highmono-isotopicmass (cluster
II) [10]. If these criteria are not met, the spectrum is excluded from
further analysis. The following branch in the tree is verificationof the
presence of one of the diagnostic ions [M1], [M2], or [M3]. If one is
present, the spectrum is accepted as a potential crosslinked peptide
fragment spectrum. The next branch is verification of the presence of
diagnostic ions [N1], [N2] and [N3]. If one is present, the spectrum is
marked as a potential monolink spectrum and removed. Given that
all the used diagnostic ions are present in 40e80% of the fragmen-
tation spectra, the last branch of the tree is the backup that verifies
that two distinct peak clusters exist. This is defined as following: the
highmass clusterhas amedianmass>1000 Da, and themedianmass
of the two separate clusters has a difference of at least 2 standard
deviations (defined as theminimumof the two standard deviations).
We exemplified the pre-filter by analyzing crosslinked BSA, for
which ~50% of all scans can be removed for both DSS as well as BS3.
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The spectra previously identified as crosslinked peptide spectra are
retained in ~97% of the cases.

4. Conclusions

Here we reviewed work previously done on crosslinked peptide
fragmentation spectra, verified observed results on synthetic pep-
tides and finally searched crosslinked peptide spectra derived from
a BSA digest to place these findings in the context of a typical
crosslinking mass spectrometry experiment. From both these ex-
periments, we gained valuable insights into the abundance and
frequency of the generated ions. These findings provide a theo-
retical framework for usage in automated search engines. For
example, the diagnostic ions for crosslinked peptides, found to be
present in 40% of the fragmentation spectra, constitute valuable
information for the confirmation of whether or not a given frag-
mentation spectrum represents crosslinked peptide pairs. Likewise,
the monolinked peptides produce diagnostic ions helpful in pin-
pointing fragmentation scans a-priori of full database searches.
Additionally, the immonium ions can assist automated database
search algorithms to verify the sequence identity of the peptide
pair, as these ions are present in 80% of the cases. For the cleavable
crosslinking reagent DSSO, we demonstrate that the Thiol fragment
is derived from the Sulfenic Acid due to fragmentation. Further-
more, in CID at elevated energies the Thiol is the dominant reporter
ion. Finally, the reporter ions for this particular crosslinking reagent
are present in only 50% of the fragmentation spectra suggesting
further work on cleavable moieties could be beneficial for large
scale, untargeted studies.
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