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ABSTRACT: Multiple ion fragmentation methods involving collision-induced
dissociation (CID), higher-energy collisional dissociation (HCD) with regular
and very high energy settings, and electron-transfer dissociation with
supplementary HCD (EThcD) are implemented to improve the confidence
of cross-link identifications. Three different S. cerevisiae proteasome samples
cross-linked by diethyl suberthioimidate (DEST) or bis(sulfosuccinimidyl)-
suberate (BS3) are analyzed. Two approaches are introduced to combine
interpretations from the above four methods. Working with cleavable cross-
linkers such as DEST, the first approach searches for cross-link diagnostic ions
and consistency among the best interpretations derived from all four MS2

spectra associated with each precursor ion. Better agreement leads to a more
definitive identification. Compatible with both cleavable and noncleavable
cross-linkers such as BS3, the second approach multiplies scoring metrics from
a number of fragmentation experiments to derive an overall best match. This significantly increases the scoring gap between the
target and decoy matches. The validity of cross-links fragmented by HCD alone and identified by Kojak, MeroX, pLink, and Xi was
evaluated using multiple fragmentation data. Possible ways to improve the identification credibility are discussed. Data are available
via ProteomeXchange with identifier PXD018310.
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■ INTRODUCTION

Proteins are key players involved in virtually all activities taking
place in cells. Independent of whether they are components of
macromolecular complexes, proteins interact with each other,
and as a result, protein−protein interactions play crucial roles
in their cellular functions. Direct observations of protein
structures and their interactions with other molecules are
required to understand the detailed processes that occur inside
living cells. Whereas X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy provide the highest
resolution and most definitive structural information, the
shortcomings of these methods in terms of sensitivity and
sample state have been well documented.1−4 It is also difficult
to crystallize large macromolecular complexes due to their
dynamic nature.5 Disordered regions of proteins that do not
appear in crystal structures can also play roles in their
function.6 Cryo-electron microscopy technology has rapidly
improved to the point where its resolution is competitive with
that of X-ray crystallography.7 However, the freezing of
samples takes them out of their natural state and could
perturb protein structure. To study low-abundance proteins, in
particular, in vivo, higher sensitivity mass-spectrometry-based
structural probes are proving attractive. Although pull-down
assays can identify what proteins interact, they do not identify

how they interact. The conjunction of covalent cross-linking
with mass spectrometry provides additional information. Not
only does this evolving and rapidly growing subfield of
proteomics enable pairs of interacting proteins to be linked
together for subsequent analysis, but also the length of the
cross-linker provides distance constraints, and the process of
cross-link interpretation implicitly determines the residues
where linkages occur. This provides topological information
about the interacting protein surfaces. Despite its appeal, there
are major challenges associated with this type of experiment
that have been summarized in several reviews.8−13 Most
significantly, the concentration of linked peptides is low
relative to that of unlinked proteolytic peptides and “dead-
ends” (peptides attached to just one end of a linker).
Furthermore, the bioinformatics problem of interpreting
cross-linked spectra is one of high combinatorial complexity:
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Instead of just considering all of the peptides that a proteome
might engender, cross-linking interpretation programs must
consider all combinations of these peptides. In addition, there is
a rather subtle problem: One peptide of a cross-linked pair
often fragments better than the other. The credibility of a
cross-link identification is usually measured by target/decoy
database matching. For any precursor ion that is fragmented,
all theoretical peptide pairs whose linked mass matches that of
the precursor ion to within some error tolerance are
considered. Theoretical fragments from each such pair are
compared with experimental MS2 fragment ion masses. The
tendency for one peptide (that might be referred to as “alpha”)
to fragment better than the other (peptide “beta”) leads to a
good identification of one but not the other.14 In fact, one of
the peptides often exhibits so few cleavages that multiple target
sequences and even decoy sequences provide equivalently
good assignments for that peptide. Whenever decoy sequences
match proteomic data approximately as well as target
sequences, the credibility of identifications is low, and the
false discovery rate climbs. These challenges tend to be
exacerbated when in vivo cross-linking is attempted because the
number of different proteins in the sample is so large.
Iacobucci and Sinz have specifically commented on the
proliferation of misassigned cross-links in publications.15 One
solution to these problems that is growing in popularity is to
employ cleavable cross-linkers.16−23 In this approach, the low-
energy fragmentation of a cross-linked pair of peptides leads to
individual peptide ions, each containing part of the cross-
linker. These are subsequently fragmented in MS3 experiments
to ascertain their identities. The great advantage is that the
MS3 data can be interpreted by normal proteomics informatics
tools, and the database needed for this does not grow as the
square of the number of peptides. It is often overlooked that
because of the lower sensitivity of orbitraps, MS3 mass
measurements are usually performed in ion traps at a lower
mass accuracy, and these results are not further checked. This
is unfortunate because only a fraction of peptide ion trap
spectra yield definitive identifications.24,25 Users have also
reported that collision-induced dissociation (CID) cleavable
linkers do not always cleave to produce the expected mass
pairs.26 In a community study of a single protein, bovine serum
albumin (BSA), it appeared that noncleavable cross-linkers can
lead to as many identifications as a cleavable linker.27 However,
this might be less true in cross-linking studies of complex
systems. An additional problem is that the solubility of the
currently available cleavable cross-linkers is poor. Succinimidyl
esters are typically dissolved in dimethyl sulfoxide before being
added to water. The limited solubility may be a problem for
the efficient cross-linking of proteins within cells.28 All of this
suggests that this is not a solved problem, and further cross-
linker developments are warranted.
The recently published community study mentioned above

aimed at summarizing the wide variety of approaches that have
been applied to cross-linking.27 In an attempt to provide some
basis for comparison, they chose to investigate cross-links in a
single protein BSA. Nevertheless, because different cross-
linking reagents were utilized, different data interpretation
algorithms were employed, and data were recorded with
different chromatography and mass spectrometry instrumenta-
tion, this community study serves more as an overview than a
critical analysis of different approaches. Whereas copious
results from different groups were summarized, conclusions
about best approaches were not drawn. In fact, to discourage

the comparison of different methods, results were not directly
associated with specific research groups or interpretation
algorithms. Whereas the identification of the maximum
number of credible identifications is normally the goal in
cross-linking studies, it was impossible to infer from the data
presented which experimental methods and which data
interpretation algorithms were most successful. Some provided
numerous identifications, and some yielded not so many, but
whether the identification of a particularly large number of
cross-links should be viewed as a great experimental method or
an overzealous data interpretation algorithm was not
addressed. More recently, Beveridge et al. compared several
popular cross-linking data interpretation algorithms by study-
ing cross-linked synthetic peptides.29 One of the goals of the
present work is to use biological samples to shed light on this
subject.
The use of more than one ion fragmentation method to

increase the data interpretation confidence has been
demonstrated in conventional proteomics experiments.30−36

Exploitation of multiple methods would be expected to
improve the cross-link identification confidence, in particular,
if complementary methods could provide useful information
about the less definitively identified (“beta”) peptide. Indeed,
some groups have applied electron-transfer dissociation (ETD)
and CID and observed some improvement in identifica-
tions.20,26 Several years ago, we demonstrated that dieth-
ylsuberthioimidate (DEST) is an effective homobifunctional
noncleavable cross-linker.37 Because it is amine-reactive, this
molecule is quite analogous to commercial succinimidyl ester-
based reagents. The two comparative advantages of DEST are
its improved water solubility and the fact that the reaction with
amines yields amidino rather than amide linkages. Amidino
groups are positively charged at neutral pH, as are primary
amines, so replacing one charged moiety with another should
help to preserve protein structures.38 In addition, the charged
amidino linkages would be expected to facilitate ion-exchange
chromatography that is often used to separate cross-links from
peptides.39 Recently, we reported that ETD cleaves cross-links
both along peptide backbones and, in particular, at the amidino
linkages.40 This is interesting because CID and higher-energy
collisional dissociation (HCD) only cleave DEST cross-links
along the peptide backbones. This difference suggests the
intriguing possibility of simultaneously having a cleavable and a
noncleavable cross-linker that can produce complementary and
quite orthogonal cross-link data sets using the three different
fragmentation methods. Finally, we have found some value in
using particularly high-energy HCD conditions to enhance the
production of immonium ions that identify residues found in
the cross-link, and this is further explored in the present work.
Naturally, the obvious question that arises is how to

combine the results from fragmenting cross-link precursors
with multiple methods to increase the confidence of cross-link
identifications. The present study utilizes two approaches. In
the first, the EThcD experiment must produce mass pairs that
establish the masses of the two peptides, and at least two of the
fragmentation methods must lead to the same cross-link
interpretation. In the second approach, we consider the top
identifications of each of the four MS2 spectra and multiply
scoring metrics for the four to determine which cross-link hit is
the best overall match to the four spectra.
The samples that are investigated in the present work are of

modest complexity: There are 14 and 19 different proteins in
the yeast proteasome core and regulatory particles, and their
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average masses are 27 and 49 kDa, respectively. These samples
are much more complex than the single BSA protein but less
complex than whole-cell lysates. They therefore provide an
excellent basis for a comparative study. HCD is the most
popular fragmentation method that is commonly employed in
cross-linking studies.27,41 For this reason, HCD mass
spectrometry data are provided to four cross-linking inter-
pretation algorithms, Kojak,42 MeroX,43,44 pLink,45−47 and
Xi,48,49 which were selected because they all calculate and
report false discovery rates (FDRs), are publicly available, are
easy to use, and have been employed in a number of
publications. The same HCD data, along with complementary
EThcD, CID, and very high-energy HCD data obtained with
the same cross-link precursor ions, are also interpreted by our
own data analysis program. This approach offers a fair head-to-
head comparison of four popular cross-linking interpretation
algorithms using HCD data that they are normally provided
with. By reserving additional complementary EThcD, CID, and
high-energy HCD data that these programs were not given, we
have the possibility of independently confirming the validity of
the conclusions that they reached from HCD data alone. We
are also able to explore whether the additional EThcD, CID,
and high-energy HCD data can offer alternative insights about
data interpretation or help to improve the confidence of cross-
link identifications.

■ EXPERIMENTAL SECTION

Sample Preparation, Cross-Linking, Proteolytic Digestion,
and Fractionation

The 19S regulatory particle and 20S core particle of the
proteasome were isolated as previously described.50 Poly-
ubiquitin was synthesized following reported procedures.51

Three samples derived from yeast proteasome were inves-
tigated in this work. The first containing the core particle and
the second containing the regulatory particle were cross-linked
with BS3. The third involving the regulatory particle and
polyubiquitin was cross-linked with DEST. Cross-linked
protein samples were digested with trypsin. Because DEST
cross-links tend to be highly charged, tryptic digests from
DEST experiments were fractionated by strong cation-
exchange chromatography. More details are presented in the
Supporting Information.

HPLC/Nano-ESI MS2 Analysis with Multiple Ion
Fragmentation Methods

Tryptic digests were analyzed with an EASY-nLC 1200 liquid
chromatograph (ThermoFisher Scientific) coupled to an
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo-
Fisher Scientific). Each precursor was activated by four ion
fragmentation events: (1) EThcD with an ETD reaction time
of 50, 70, or 100 ms followed by a supplementary activation
with HCD at a low collision energy of 15 or 20%, (2) CID
with a 35% normalized collision energy, (3) HCD with a
collision energy setting of 30 or 35% and recording fragments
from 140 m/z, or (4) HCD with a collision energy setting of
50% and recording fragments as small as 70 m/z. In this
Article, the normal and very high-energy HCD fragmentation
events are referred to as HCD and hcd, respectively. These two
events were recorded separately to detect both small and large
ions with high sensitivity. Mass spectrometry data have been
deposited to the ProteomeXchange Consortium via the
PRIDE52 partner repository with the data set identifier

PXD018310. More details about instrument setups are
provided in the Supporting Information.

Data Analysis

Proteome Discoverer 2.1 software (ThermoFisher Scientific,
Waltham, MA) converted each *.raw orbitrap data file to four
*.mgf files, one for each ion fragmentation method. HCD is a
popular27 and relatively efficient41 fragmentation method that
is commonly used to identify cross-linked peptides. Therefore,
*.mgf files containing HCD spectra only were submitted to
four cross-link identification algorithms: Kojak (1.6.1 working
together with Percolator53 2.9), MeroX (2.0.1.1), pLink (2.3.8),
and Xi (comprised of XiSearch 1.7.0 and XiFDR 1.4.1). Search
parameters are specified in the Supporting Information. The
cross-linked peptides identified from the three samples by each
of the algorithms at 1 and 5% FDRs are tabulated in Tables
S1−S3 of the Supporting Information. Venn diagrams
comparing cross-links identified by these algorithms were
plotted using Venny 2.1.54

To independently validate the interpretations of HCD data
derived by the four publicly available programs, spectra
obtained from fragmenting the same precursor ions by four
methods were interpreted by an in-house program that
searched for different ion types for each fragmentation method.
These are detailed in Table S4. Our in-house program
computes metrics such as the Correlation Score, the number
of peaks matched (Matches), and the percentage of fragment
ion intensity matched (%Int) to each peptide of each tentative
identification. In other words, cross-linked peptides receive
Correlation Score1, Matches1, and %Int1 for peptide α and
Correlation Score2, Matches2, and %Int2 for peptide β.
Because regular peptides and dead-ends are composed of only
single peptides, Correlation Score2, Matches2, and %Int2 are
all zero for these species. The sums of Correlation Score1 and
Correlation Score2, Matches1 and Matches2, and %Int1 and %
Int2 are referred to as Correlation Score, Matches, and %Int,
respectively. Our in-house program is further described in the
Supporting Information.
Two different approaches were used to look for consistency

between the tentative cross-link identifications derived from
the four ion fragmentation methods. The first approach
worked only with the DEST ETD cleavable cross-linker
because it required the detection of ETD diagnostic mass
pairs.40 Our program checked whether the identifications
derived from EThcD spectra were consistent with observed
mass pair peaks and then determined how many of the best
interpretations of the four fragmentation spectra were the
same. DEST cross-links with at least two ETD mass pairs that
were interpreted as the best match from at least two
fragmentation methods were tabulated in Table S3 and used
to validate the DEST cross-links identified by other algorithms
using HCD data alone.
Our second approach for combining the interpretations of

different types of spectra did not rely on cross-link diagnostic
ions and therefore could be applied to both cleavable (DEST)
and noncleavable (BS3) cross-linkers. Our program compared
the top ten best interpretations of each EThcD, CID, HCD
and hcd spectrum, seeking consistencies. For each case in
which the same cross-link identification was found among the
top ten interpretations of all four fragmentation spectra,
Composite and Overall Scores were calculated as follows
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= × × × × ×

Composite Score

(Correlation Score Matches %Int)EThcD CID HCD hcd

=
× ×

× × × × × ×

Overall Score
(Correlation Score1 Correlation Score2 Matches1

Matches2 %Int1 %Int2)EThcD CID HCD hcd

The only difference between these is that the Composite Score
includes scoring metrics for the entire cross-link, whereas the
Overall Score includes metrics associated with each peptide
component of each cross-link. Composite Score and Overall
Score histograms comparing target−target, target−decoy, and
decoy−decoy score distributions are plotted in Figure S1 of
the Supporting Information. We generally found the Overall
Score to be more accurate and illuminating for evaluating the
quality of a cross-link identification because it yields larger
values for matches in which both peptides contribute
significantly to the score. Nevertheless, this distinction was
not always perfectly clear because virtually every spectrum
contains peaks that can be assigned to cleavages in peptide α or
peptide β. Therefore, evaluating the contributions of peptide α
and peptide β to each spectrum can be somewhat arbitrary. For
this reason, we found that in certain cases the Composite Score
better distinguished target and decoy hits. When the Overall
Score matched a decoy hit but the Composite Score matched a
target hit, this spectrum interpretation was not considered
definitive, and neither hit was used in the FDR computations.
Regular peptides and dead-ends were identified based on

Composite Scores. These species would always receive an
Overall Score of zero due to the lack of a second peptide.
When the Composite Score was larger for a cross-link
interpretation than for any peptide or dead-end, the Overall
Score was then used to provide a more refined determination
of the best peptide α and β. Cross-links from the three samples
were identified at 1 and 5% FDRs based on the familiar
equation55

= −N N
N

FDR TD DD

TT

where NTT, NTD, and NDD denote the numbers of target−
target, target−decoy, and decoy−decoy cross-links. Identified
cross-links are tabulated in Tables S1−S3 in the Supporting
Information along with results from other algorithms.

■ RESULTS

Identification of Cross-Links by Different Interpretation
Algorithms Based on HCD Data

HCD is commonly considered to be the most efficient
fragmentation method for cross-link matches.27,41 Therefore,
to mimic conventional workflows, three sets of HCD MS2

spectra were submitted to Kojak, MeroX, pLink, and Xi.
Database search parameters are outlined in the Supporting
Information. The first and second sets of data were acquired
from the BS3 cross-linked 20S core particle and 19S regulatory
particle of the S. cerevisiae proteasome, respectively. The third
sample involved a mixture of the proteasome regulatory
particle and polyubiquitin at a 1:1 weight ratio cross-linked by
DEST. Because of the large molecular mass of the regulatory
particle and the multiple ubiquitin subunits in polyubiquitin,
the molar concentration of ubiquitin was roughly 100 times
that of the regulatory particle proteins. The numbers of cross-
link spectrum matches identified by the four programs from
the three data sets at FDRs of 1 and 5% are displayed in Figure
1. (Note that XiFDR excluded cross-links with peptides shorter
than six residues and Kojak apparently does not consider cross-
links composed of two identical peptides, which was somewhat
common in our third sample that contained polyubiquitin.)
Discrepancies among these four programs varied with sample
complexity: From the first set of data, ∼51% of cross-link
spectrum matches were consistently identified by all four
programs, and 19% of cross-link spectrum matches were
identified by only one program; from the second data set, 52%
of the cross-links were commonly identified, and ∼15% were
uniquely identified. In the third data set, only 20% of cross-link
spectrum matches were identified by all programs, and 30% of
the cross-link spectrum matches were found by just a single
program. Because of these discrepancies, it is desirable to
employ independent information about the spectra to validate
assignments and possibly derive alternatives. This can be
accomplished using EThcD, CID, and hcd data that were not
provided to the above programs. A table and Venn diagrams
comparing the performance of these four programs will be
discussed in a later section.
Dissociation of Precursors by Multiple Ion Fragmentation
Methods

To generate novel fragmentation data that were interpreted
only by our own analysis program, precursor ions were
activated by EThcD, CID, HCD, and hcd. Figure 2 displays an

Figure 1. Numbers of cross-link spectrum matches identified by different data interpretation algorithms at a 1% FDR (green) plus the additional
matches identified when the FDR was increased to 5% (orange) from (A) the 20S core particle of proteasome, (B) the 19S regulatory particle of
proteasome, and (C) the 19S regulatory particle of proteasome with polyubiquitin.
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example of a DEST proteasome cross-link. The +4 charged
precursor ion at 599.316 m/z activated by EThcD yielded the
spectrum displayed in Figure 2A that was best matched to a
cross-link AQFQELDS[K]K―YDDQL[K]QR. c and z•

ions were predominantly observed. c4 to c6, c9, z+15 to z+19,
and b2 ions identified peptide α, whereas c6, c+16, c7, c+17, z
+15-NH3, z+16, and w2 ions supported the assignment of
peptide β. Uniquely, because of the ETD-favored cleavages at
amidino groups, DEST cross-links yielded mass pairs of P-NH2

and P+L+NH3 ions for both constituent peptides.40 In this
EThcD spectrum, diagnostic mass pairs were found to be the
most intense peaks; their masses further supported this cross-
link identification.
Through low-energy pathways, CID is somewhat more

selective with preferential cleavages on the N-terminal side of
Pro when a mobile proton is available and C-terminal to Asp
or Glu when charge is sequestered.56−58 The CID MS2

spectrum of the same precursor ion, as plotted in Figure 2B,
was best matched to the same cross-link. Peptide α was
identified based on b2, b3, b7, y3, and y6−y9 ions; peptide β was

identified from b2, b3, and y6 ions. Note that the y8 ion of
peptide α was plotted off-scale because it was much more
intense than any other fragment. The high abundance of this
peak results from the favored a2/b2 CID ion cleavage
pathway.59,60

HCD is a beam-type CID in which fragment ions are
provided with additional activation. As a result, HCD spectra
are less likely to be dominated by a single feature but have a
more even distribution of peak intensities, making it a popular
method to identify cross-links. When the same 599.316 m/z
precursor ion was activated by HCD, the fragmentation pattern
shown in Figure 2C yielded the same AQFQELDS[K]K
YDDQL[K]QR cross-link interpretation. Peptide α was
matched based on y3−y9, b2, and b3 ions; peptide β was
identified from y1, y2, a2, and b2 ions. In this spectrum, neutral
losses of ammonia and water from fragment ions and internal
backbone cleavages were also prevalent.
The higher energy HCD spectrum that we refer to as hcd is

displayed in Figure 2D. In this case, the high collisional energy
caused b and y ions to be very efficiently fragmented to small

Figure 2. MS2 spectra of the cross-link AQFQELDS[K]K―YDDQL[K]QR between proteasome proteins Rpn9 and Rpt4 fragmented by (A)
EThcD, (B) CID, (C) HCD, and (D) hcd methods. Green and blue peaks are formed following the cleavage of peptides α and β, respectively,
peaks associated with the precursor ion are in red, orange peaks are immonium ions attributable to either peptide, and unassignable peaks are in
black. Neutral losses of ammonia and water are denoted by an asterisk (*) and prime (′), respectively. c+1 and z+1 ions are represented as C and Z
ions. Subscripts following M represent the number of hydrogen atoms lost from the precursor ion after electron capture.
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internal and immonium ions that only provide amino acid
composition information. Matching immonium ions, which are
particularly intense for aromatic residues, has been shown to
be an alternative means to identify peptides61−63 and the
complementarity-determining regions of antibodies.64 As
depicted in Figure 2D, the same cross-link was identified
based on immonium ions of F, Y, K, Q, E, D, I/L, and R,
internal ions EL, QF, or FQ of peptide α, DQ and DDQ of
peptide β, as well as several small b and y ions associated with
each peptide. From these four orthogonal MS2 spectra, this
cross-link identification appears to be definitive. This assign-
ment was initially surprising because the two linked lysine
residues are from the lid (Rpn9) and base (Rpt4) of the
proteasome with a Cα distance of >53 Å,65 greatly exceeding
the 24 Å constraint of DEST.37 However, a deep cryo-EM
classification of the proteasome exposed an intermediate state
with these two lysine residues only 13 Å apart.65 Evidently, a
distance constraint from a single Protein Data Bank (PDB)
structure may not be the best way to validate a cross-link
identification.
Overall, Figure 2 illustrates that the four ion activation

methods yield complementary fragment ions. The orthogon-
ality of the four spectra should facilitate cross-link
identifications when the information that they convey is
combined. Two approaches to combine this information are
discussed next.

Search for Consistent Best Matches from Different Ion
Fragmentation Methods

For each group of four MS2 spectra associated with a precursor
ion, spectra generated by each fragmentation method were first
interpreted independently. Then, an in-house script looked for
agreement among the four interpretations. The supposition is
that if a match to a spectrum derived from one fragmentation
method is correct, then data from other methods should
support this identification. Random matches, including false

target−target matches, are not expected to be consistent from
one fragmentation method to another. In experiments
involving DEST, its ETD cleavable characteristic was also
exploited in this approach by requiring that a cross-link must
have at least two diagnostic peaks to support its identification.
Different degrees of consistency were observed. At the

highest level, all four orthogonal spectra yielded the same
interpretation, as exemplified in Figure 3A. These are very
confident cross-links. From the third data set acquired from
DEST cross-linked proteins, 241 cross-links of this type were
found, none of which were decoy hits, which led to a 0.0%
FDR.
At the next level of consistency, three out of the four spectra

yielded the same interpretation. The final identification, chosen
to be the match supported by three spectra, was likely to be
correct but less unambiguous. Among 178 cross-links
identified this way, four were decoy matches, leading to a
2.3% FDR within this group. After combining with all cross-
links identified previously based on four consistent inter-
pretations, a total of 415 target cross-links were identified with
an FDR of 0.96%. Figure 3B illustrates a typical example of this
kind of identification.
As exemplified in Figure 3C, sometimes two fragmentation

spectra led to one interpretation, whereas the other two led to
alternative matches. Not surprisingly, relying on just two
consistent spectral interpretations was less reliable. In our data
set, 95 cross-links were identified in this way, but 7 were decoy
hits, yielding an 8.0% FDR within this group and a total of 503
target matches at a 2.2% FDR after combining the above
results for four and three consistent matches.
As exemplified in Figure 3D, some sets of four spectra

generated by fragmenting the same precursor ion were
matched to four different structures, and these identifications
were simply rejected. As mentioned in the Experimental
Section, this approach of searching for consistent best matches

Figure 3. Examples displaying varying degrees of consistency among EThcD, CID, HCD and hcd interpretations for four tentative cross-links. ETD
mass pairs are required in our first cross-link identification approach. (A) Fragmentation of 532.823 m/z precursor ions yielding four consistent
interpretations. (B) Fragmentation of 744.747 m/z precursor ions yielding three consistent interpretations. (C) Fragmentation of 523.300 m/z
precursor ions yielding two consistent interpretations. (D) Fragmentation of 401.620 m/z precursor ions yielding no consistent interpretation. In
panels A−C, the ETD mass pairs are concordant with the final interpretations. In panel D, ETD mass pairs do not support interpretations derived
from other methods, as indicated by *.
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required the detection of cross-link diagnostic ions as a
prerequisite for recognizing cross-links. Therefore, this
approach was not applicable to the first two sets of data
cross-linked by BS3.

Combining Scores to Find a Best Overall Match

An alternative approach to identifying the best match to
multiple sets of data is based on the premise that a false-
positive may match one spectrum better than the true-positive,
but it is unlikely to match four orthogonal spectra better than
the correct identification. In addition, it is reasonable to expect
that a true identification should rank among the top matches
for individual fragmentation spectra, even if it is not always the
best. In this work, we considered the top ten matches to each
set of MS2 spectra involving the same precursor mass. For each
cross-link identification that was found among these top ten
hits, our data interpretation program generated Overall Scores
by multiplying scoring metrics associated with the interpreta-
tion of each MS2 spectrum, as outlined above. Figure 4
illustrates an example of the +4 charged precursor ion at

536.029 m/z from the DEST cross-linked regulatory particle
sample that was fragmented by the four methods. Eight
potential cross-link identifications (designated A−H) were
found among the top ten matches to all four MS2 spectra. The
two highest Overall Scores were cross-links B and A that
shared the same peptide α. B was the best overall match due to
its highest Overall Score. Note that the ninth and tenth best
matches to each of these spectra were not commonly found
among the interpretations of other spectra and thus were
automatically excluded from best overall match consideration.
Unlike our first approach, ETD mass pairs were not required,
although with DEST, most of the best overall matches did have
ETD mass pairs. Not demanding the detection of mass pairs
makes this approach applicable to noncleavable linkers such as
BS3.
Having outlined our approach of combining individual MS2

interpretation scores to derive the best overall matches, the
next question is whether this will ultimately improve our ability
to distinguish true-positives from false-positives compared with
interpreting data derived from a single fragmentation experi-

Figure 4. Second approach for deriving the best overall match of a cross-link by combining results from multiple ion fragmentation methods. The
best overall match, B, is the second-best match derived from EThcD but the best match of CID, HCD, and hcd. It received the highest Overall
Score. Red peptides are from the decoy database.

Figure 5. Histograms showing the numbers of target−target (green), target−decoy (red), and decoy−decoy matches (blue) of cross-linked
peptides as a function of log Overall Score. Interpretations are from (A) EThcD, (B) CID, (C) HCD, and (D) hcd or from our second approach
combining results of (E) all four methods and (F) the first three methods.
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ment. Because of combinatorial complexity, for any sample, a
cross-link database is much larger than an analogous peptide or
dead-end database. Therefore, a majority of individual MS2

spectra are initially assigned as cross-links (even though most
of the assignments are wrong). For example, with our BS3

cross-linked proteasome regulatory particle data, roughly 2000
spectra were recorded with each fragmentation method.
Approximately 600−700 target−target matches and roughly
600−1000 target−decoy or decoy−decoy matches were found
with each fragmentation method. The rest were identified as
regular peptides or dead-ends, or they failed to match anything
from the proteome. Histograms plotted in Figure 5A−D
display the number of cross-link spectrum matches as a
function of the Overall Score on log scales for the four
individual ion fragmentation methods. Target−target matches
(green bars) tend to have higher Overall Scores than target−
decoy matches (red bars) or decoy−decoy matches (blue
bars). Scores for the best target and decoy matches for each
individual fragmentation method differ by about an order of
magnitude. When the results of all four fragmentation methods
are combined to find the best overall match, as shown in
Figure 5E, the total number of decoy matches, as reflected in
the integrated area under all red and blue bars, decreases
significantly to ∼100. In contrast, the number of highly scored
target matches in green bars does not diminish. This is because
many decoy matches found as the best interpretation of one
fragmentation experiment are lower scoring matches for
another MS2 experiment and may not even be among the
top ten matches for another MS2 spectrum. Thus when Overall
Scores are computed, decoy matches often drop out from the
list of best matches. The Overall Score for the credible target
matches when combining the four methods is in the realm of
1019 to 1025. This is comparable to numbers obtained by
multiplying best-scored target matches from individual
fragmentation methods, indicating, as we proposed above,
that true target matches of cross-linked peptides can be
consistently identified as top matches with good scores no
matter what ion fragmentation method is implemented. Figure
5E shows that the Overall Scores of the best decoy matches are
often inferior to the best target matches by several orders of
magnitude, enlarging the target−decoy gap. Because decoy
matches are supposed to provide information about false target
matches, this result implies that a fortuitous target match
identified in one type of MS2 spectrum is unlikely to be
validated by other fragmentation methods, as originally
hypothesized. The similarity of the score distributions of
target and decoy matches in Figure 5D suggests that the hcd
method often fails to distinguish target and decoy matches for
reasons that will be discussed later. Therefore, in addition to
calculating Overall Scores from all four methods, we also
computed Overall Scores derived from only EThcD, CID, and
HCD data. A display of the distribution of Overall Scores
based on only these three methods is plotted in Figure 5F,
which looks quite similar to Figure 5E. The advantages of
combining results from multiple fragmentation methods, such
as a reduced number of decoy matches and a larger gap
between target and decoy matches, are again apparent.
The example shown in Figure 2 yielded an Overall Score of

1.47 × 1017 from combining four methods or 1.13 × 1012 from
the first three. These Overall Scores are typical of the cross-
links identified with a 1% FDR from the third sample. Note
that for the first two samples, Overall Scores were somewhat
higher because spectra derived from these samples typically

contained more peaks, and this led to more peak matches.
Through the second approach, from the samples of the core
particle, the regulatory particle, or the regulatory particle with
polyubiquitin, we identified 165, 258, and 347 cross-links,
respectively, at a 1% FDR when all four methods were
combined. Likewise, we identified 206, 283, and 474 cross-
links at a 5% FDR. With only three methods combined, we
identified 185 and 216, 283 and 347, or 383 and 543 cross-
linked peptides at 1 and 5% FDRs, respectively. All cross-
linked peptides identified through the second approach are
tabulated in Tables S1−S3 of the Supporting Information and
used to validate those found by other data interpretation
algorithms.

Comparison of Data Interpretation Algorithms

The extra fragment information obtained from the EThcD,
CID, and hcd experiments provided us a means to validate the
cross-link identifications found by other algorithms that
interpreted only HCD data. A few examples illustrating the
process of evaluating the validity of cross-link identifications
are discussed in the Supporting Information.
On the basis of the additional EThcD, CID, and hcd spectra

recorded for each precursor ion, the validity of all Kojak,
MeroX, pLink, and Xi cross-link identifications was checked. If
our analysis yielded identical peptides but the linkage site
differed, then a cross-link was still considered to be validated.
Numbers of cross-link spectrum matches identified at 1 and 5%
FDRs by the four programs and validated by our approaches
are listed in Table 1. The cross-link spectrum matches that
agreed with our best interpretations are highlighted in green in
Tables S1−S3 of the Supporting Information. Venn diagrams
showing the overlap of cross-link spectrum matches identified
by our methods and each of the four selected public algorithms
are displayed in Figure S3 of the Supporting Information. In
particular, using our first approach, at least two of the four
fragmentation methods must have yielded the same result, and
ETD mass pairs must have been observed. Alternatively, with
our second approach, the Overall Scores derived from the four
methods (or at least from EThcD, CID, and HCD) must have
exceeded the 5% FDR cutoff. Some cross-link spectrum
matches found by other programs could not be validated based
on the above criteria. However, if they were found to involve
the same linkages that were validated in other spectra, then
these identifications were nevertheless considered credible
through manual checks, and these are highlighted in yellow in
Tables S1−S3. Finally, for some precursor ions, EThcD spectra
were uniquely poor; for example, they might contain only ten
or fewer fragment masses. In these cases, neither of our
approaches worked well because the EThcD spectra did not
contain diagnostic mass pairs and the cross-link interpretation
that we were trying to validate was not among the top ten
EThcD hits. Nevertheless, manual checks revealed that two or
three of the other methods sometimes yielded a consistent
validating interpretation. These cases are also considered
credible, though less definitive, and are highlighted in salmon
in Tables S1−S3. In the “# validated” columns of Table 1, we
tabulate the number of green-highlighted validations + the
number of yellow- and salmon-highlighted validations,
followed by the sum of all three. By confirming the
interpretations of other programs in such a variety of ways,
we avoid favoring one cross-link interpretation program over
another just because the details of its scoring algorithm might
be similar to ours. In the first two data sets, most cross-links
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were directly validated and are highlighted in green, whereas in
the third data set, a larger fraction was indirectly validated, as
reflected in yellow and salmon highlighting in Tables S1−S3.
The values in the “% validated” columns in Table 1 represent
the percent of cross-links identified by each program that were
validated by any of the methods outlined above. Venn
diagrams in Figure 6 summarize the numbers of cross-links
identified by different programs at a 5% FDR along with, in
parentheses, the total numbers of validations listed in Table 1
and detailed in Tables S1−S3.
Despite the generally excellent agreement between the HCD

interpretations of the four algorithms and our own
interpretations of complementary ion fragmentation spectra,
we were not able to confirm all of their identifications. In some
cases, we found alternative and convincing interpretations that
proved that identifications found by one of the programs were
incorrect. In other cases, we were not able to derive better and
convincing interpretations, but the lack of consistency among
our multiple ion fragmentation causes us to doubt their
conclusions. The values in the “% validated” column of Table 1
should be a reasonable representation of the percentage of true
identifications found by each program at each designated FDR.
We found that Kojak, MeroX, pLink, and Xi all work quite

well, and all of the reported FDRs were reasonable. Among the
four programs, pLink always identified the most cross-links,
especially when the FDR was set at 1%. pLink yielded
remarkably good results with the third data set, identifying the
most cross-links with appropriately estimated FDRs. Kojak also
identified large numbers of cross-links, but a smaller fraction of
them could be validated. Nevertheless, on the basis of our %
validation numbers, the FDRs may improve somewhat as the
sizes of the data sets and proteomes increase. This may be due
to the machine learning algorithm used by Kojak/Percolator.
MeroX is overall the most accurate of the four programs based
on the three data sets we tested. Its 5% FDR appears to be
overestimated; it is probably better than this, which limited the
total numbers that it identified. The quadratic mode of MeroX
we tested is recommended for use with up to ten proteins in
the proteome. For our simplest sample, the first data set at a
5% FDR, MeroX yielded comparable numbers of cross-links to
pLink, with the smallest number of unvalidated matches among
all four programs. Xi obtained roughly comparable numbers of
cross-links as Kojak with accurate FDR estimates. Our
conclusions that pLink identifies the most cross-links and
that FDRs derived by the four algorithms are approximately
correct are quite consistent with the results of a cross-linking
study based on a synthetic peptide library.29 Mechtler and
coworkers also reported that adding contaminants to increase
the size of the proteome could improve FDR estimates with
some of the algorithms.29

An inspection of Figure 6 suggests that among all cross-links
identified at a 5% FDR, >98% of those found by at least two of
the four programs were validated. The very few that were not
validated tend to be top matches from at least one ion
fragmentation method, as indicated by the rankings of these
cross-links from each fragmentation method provided in
Tables S1−S3. This suggests that they are still possible true
matches. In contrast, only ∼60% of the cross-links that were
identified by only a single program were validated. Details
showing the number of cross-link spectrum matches that were
identified by only a single algorithm with 1 and 5% FDRs along
with the number of these that were validated are tabulated in
Table S6 of the Supporting Information. Note that a few cross-T
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links assigned to a 1% FDR were not validated. Most of the
cross-links that could not be validated tended to not be among
the top matches identified by our program for any
fragmentation method, strongly suggesting that they are false.
These results indicate that there would be a cooperative
advantage of using Kojak, MeroX, pLink, and Xi to analyze all
data. Drawing conclusions from consistent interpretations
should lead to improved confidence.

■ DISCUSSION
Our two approaches for combining data from four ion
fragmentation methods have been shown to be effective at
identifying cross-linked peptides and evaluating the validity of
cross-links found by four publicly available algorithms. About
90% of all identifications were validated using multiple ion
fragmentation methods, although more than half of the cross-
link spectrum matches identified by one or more of the
algorithms were not found by all four. For some of the 10%
that were not validated, our approaches suggested better
interpretations, and these are listed in Tables S1−S3. For the
rest, no interpretation appears to be particularly credible.
A few limitations of our approaches have been encountered,

and improvements are under investigation. For example, with
the first approach, some cross-links were not identified because
ETD mass pairs did not appear in poor EThcD spectra, even
though CID, HCD, and hcd led to credible cross-link
identifications. Likewise, with the second approach, a correct
hit might not even receive an Overall Score if it is not listed as
one of the top ten interpretations of every fragmentation
experiment. This happened most often with hcd. The use of
reverse decoy databases is particularly problematic for hcd
experiments. When protein sequences are simply reversed,
target and decoy peptides have identical or nearly identical
immonium and internal fragment ion masses. This is most
likely the origin of the poor hcd performance displayed in
Figure 5D. The use of randomized protein sequences as the
decoy database may alleviate this issue. Calculating the Overall
Score using only EThcD, CID, and HCD results allowed
∼10% more cross-link spectrum matches to be identified. The
second approach might be improved by considering more than
ten tentative interpretations from each method when deriving
the best overall match. For more complicated samples, more
top hits may need to be considered. Alternatively, instead of
using hcd data to derive a fourth independent identification of
a precursor ion, it might be better to use the immonium and
small internal fragments found in hcd spectra to simply

confirm identifications derived from EThcD, CID, and HCD
spectra. In other words, hcd data may not be informative
enough to provide identification selectivity. In the future,
additional approaches for combining multiple sets of MS2

spectra and interpretations, including machine learning, will be
tested.
The spectrum quality significantly impacts the performance

of all data interpretation algorithms. The spectrum quality
appears to correlate with the number of peaks and the fraction
of them that are in isotope clusters. For example, HCD spectra
in our first and second sets of data contained on the order of
1000 peaks; >60% of features were in isotope clusters. All
programs performed well and identified similar numbers of
cross-links. However, in the third data set, only ∼100 peaks on
average appeared in spectra, and only ∼40% were in isotope
clusters. This may have been because of the overabundance of
polyubiquitin in this sample. The lower information content in
these spectra challenged the algorithms, leading to less
consistent results. pLink identified 100 and 200 more cross-
link spectrum matches at 1 and 5% FDRs, respectively, than
other algorithms. Nevertheless, as displayed in Figure 6C, even
with its high sensitivity, pLink overlooked ∼100 cross-link
spectrum matches that were found by the other three
programs. Likewise, as shown in Table S3, pLink failed to
recognize ∼50 cross-link spectrum matches that we were able
to identify by exploiting complementary EThcD, CID, and hcd
data. Similarly, our combined method also suffered from poor
spectrum quality, as shown by the large second numbers in the
“# validated” columns of Table 1.
Besides the mass spectrometer performance and the

precursor ion abundance, the instrument settings associated
with each fragmentation method can also affect the spectrum
quality. For instance, with a 21−39 ms ETD reaction time, the
EThcD method has been reported to be effective at identifying
highly charged and large cross-links.41 However, we used a 100
ms ETD reaction time to acquire our third set of data. In this
case, we found that small precursors in +3 and +4 charge states
yielded informative spectra leading to good identifications.
However, large precursors in +5 to +7 charge states often
yielded poor spectra with a very limited number of peaks that
were not identified. Apparently, the long reaction time applied
to ions that strongly attracted electrons neutralized the ion
fragments and eventually yielded nondetectable species. The
ETD reaction duration has been suggested as a pivotal factor
that can impact the spectral quality.66 Varying the ETD
reaction times based on the precursor charge state and mass

Figure 6. Venn diagrams showing the numbers of cross-link spectrum matches identified by the four publicly available algorithms at a 5% FDR and
the numbers (in parentheses) of these cross-links that were validated by our multiple ion fragmentation methods from the samples of (A) the
proteasome core particle, (B) the proteasome regulatory particle, and (C) the proteasome regulatory particle and polyubiquitin.
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may be necessary to improve the quality of the EThcD spectra.
In summary, high-quality spectra are an underlying require-
ment to obtain satisfactory cross-linking results, independent
of which data analysis algorithm is employed.
Because of the time that it takes to execute multiple ion

fragmentation experiments, fewer precursors can be selected
for fragmentation, and it is possible that fewer cross-links may
be identified. It is natural to ask whether it is worthwhile to do
this. In our experience, although some less abundant
precursors were not fragmented when fewer precursors were
selected, the most abundant precursors that were selected for
fragmentation yielded highly informative MS2 spectra, leading
to high identification probabilities. For instance, without
enrichment and fractionation, we used a 60 min LC gradient
to analyze ∼1 μg of tryptic digest prepared from a BS3 cross-
linked proteasome sample. Among 2132 precursor ions
selected for fragmentation, ∼350 were identified as cross-
links, leading to almost 250 unique cross-linked peptide pair
identifications. This is a good rate of identification considering
that cross-linked species are expected to be much less
abundant than peptides.13,67 Recording more spectra that are
of lower quality is probably not advantageous.
Occasionally, even high-quality spectra from multiple ion

fragmentation experiments lead to ambiguities in interpreta-
tion. In such cases, additional MS3 experiments that generate
fragments associated with each cross-linked peptide may help
to distinguish the most credible match from a few candidates.
Such experiments can be easily executed on the distinctive
mass pairs generated by the fragmentation of DEST cross-links
because each member of a mass pair is associated with one of
the two peptides. Note that hcd fragmentation would be
particularly attractive to employ in MS3 experiments; its high
sensitivity, simple spectra, and small ion fragments provide
useful information about each peptide’s amino acid composi-
tion. A systematic assessment of how MS3 can be combined
with multiple fragmentation MS2 experiments to identify cross-
links will be performed in the future.
In the present work, we evaluated the performance of Kojak,

MeroX, pLink, and Xi using only MS2 data in an HCD
workflow. Some algorithms have additional unique functions
that were not utilized in this study. For example, MeroX has
RISE, RISEUP, and Proteome-wide modes compatible with
cleavable cross-links.44 pLink enables cross-linked peptide
quantification from stable-isotope-labeled data sets.47 The
boost mode of XiFDR has demonstrated the enhanced
identification of credible cross-links at the residue pair level
with a 5% FDR.68

This study aimed to demonstrate that the complementary
data observed with different ion fragmentation methods
provide information that can improve cross-link peptide
identifications and can validate identifications derived from a
single fragmentation method. Whereas our DEST cross-linker
affords some unique ETD fragment pathways, the use of
multiple ion fragmentation techniques should be applicable to
other cross-linkers. Although in this work results from the
interpretation of individual mass spectra were combined in two
ways, in the future, we will investigate alternative approaches in
which we will first combine the data from multiple
complementary spectra of the same precursor ion and then
attempt to derive identifications. It is likely that other data
interpretation algorithms would also benefit from using
complementary fragment ion data generated by multiple ion
fragmentation methods to achieve improved overall results.

■ SUMMARY AND CONCLUSIONS
Two approaches were introduced to improve cross-link
identifications by combining the results from orthogonal
EThcD, CID, HCD, and hcd fragmentation experiments. In
one approach, complete consistency among the top
interpretations derived from four different MS2 spectra
associated with each precursor ion led to our most confident
identifications. This approach worked better with a cleavable
cross-linker, DEST, because its ETD fragmentation yielded
diagnostic ions that identified peptide masses. In a second
approach, we derived the best overall match for a precursor ion
by combining the results of the top ten tentative identifications
found using each ion fragmentation method. In some cases, it
appears to be advantageous to use only EThcD, CID, and
HCD data and not hcd when calculating the Overall Scores.
hcd spectra may be better used to confirm EThcD, CID, and
HCD results instead of being interpreted independently.
Overall Scores were larger when there was spectral evidence
supporting the identification of both peptides α and β. Because
cross-link diagnostic ions were not required, this second
approach could be applied to both cleavable and noncleavable
cross-linkers.
The complementary fragmentation information acquired

from EThcD, CID, and hcd enabled us to examine the validity
of cross-link identifications that Kojak, MeroX, pLink, and Xi
arrived at using only HCD data. Nearly 90% of the cross-link
spectrum matches identified by one or more programs were
consistent with conclusions that we reached from interpreting
multiple fragmentation experiments. We therefore consider
these spectrum matches to be validated. In general, all
programs worked very well. pLink identified the largest
number of cross-links in the three data sets we tested. Our
somewhat limited evidence suggests that Kojak may work
better with large data sets recorded from complicated samples,
MeroX (quadratic mode) may work better with smaller data
sets acquired from simpler samples, and pLink and Xi appear to
work generally well with all types of data. More than 98% of
cross-link spectrum matches identified by at least two of the
four programs with a 5% FDR were validated, suggesting that
the use of all four of these algorithms to analyze data sets with
the subsequent harvesting of cross-links identified by at least
two of these four programs could improve the identification
credibility.
Finally, the spectrum quality plays an essential role in the

identification of cross-links. The number of fragment peaks and
the percentage of peaks involved in isotope clusters are related
to the spectrum quality and impact the performance of data
interpretation algorithms. High-quality spectra are an under-
lying requirement to obtain satisfactory cross-linking results,
independent of which data analysis algorithm is employed.
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