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ABSTRACT: Chemical cross-linking mass spectrometry has
become a popular tool in structural biology. Although several
algorithms exist that efficiently analyze data-dependent mass
spectrometric data, the algorithm to identify and quantify
intermolecular cross-links located at the interaction interface of
homodimer molecules was missing. The algorithm in LinX utilizes
high mass accuracy for ion identification. In contrast with standard
data-dependent analysis, LinX enables the elucidation of cross-
linked peptides originating from the interaction interface of
homodimers labeled by 14N/15N, including their ratio or cross-
links from protein−nucleic acid complexes. The software is written
in Java language, and its source code and a detailed user’s guide are
freely available at https://github.com/KukackaZ/LinX or https://
ms-utils.org/LinX. Data are accessible via the ProteomeXchange server with the data set identifier PXD023522.
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■ INTRODUCTION

Chemical cross-linking mass spectrometry (CXMS) has
developed into a powerful method to map low-resolution
protein structures and to characterize molecular interfaces in
protein−protein and protein−nucleic acid complexes.1−5

Despite the excellence of CXMS as an analytical tool, the
analysis of highly complex cross-linking data is a demanding
task. Therefore, during the last two decades, several strategies
to analyze cross-linked products have been reported. These
available tools were mainly implemented in the following
software tools: the Automated Spectrum Assignment Program
(ASAP),1 General Protein/Mass Analysis for Windows
(GPMAW),6 Kojak,7 MS2links,8 pLink2,9 VIRTUALM-
SLAB,10 xQuest,11 X-Links,12 X-Link Identifier,13 xComb,14

MS-Bridge, StavroX,15 and, most recently, MeroX16 and
Mango17 for MS/MS-cleavable cross-linkers. The detailed list
of cross-linking software including their applicability and
requirements was published in 2014.18

However, none of the software mentioned focuses directly
on the challenging tasks of chemical cross-linking, the
identification and quantitation of intermolecular cross-links
originating from homodimer interactions. As was already
published at the beginning of the century on interleukin-6,19

the intermolecular cross-links can be elucidated using mixed-
isotope cross-linking (MIX), where unlabeled (14N) protein is
mixed with 15N-labeled protein in a 1:1 ratio before the cross-
linking reaction. The cross-linked homodimer complex is
subjected to proteolysis, and the resulting peptides are
analyzed by mass spectrometry. Molecular ions from
intermolecular cross-linked peptides are theoretically man-

ifested in spectra as triplet/quadruplet MS peaks (14N/14N,
14N/15N, 15N/14N, and 15N/15N) (Figure 1A), whereas
molecular ions from intramolecular cross-linked peptides
exclusively contain 14N or 15N and yield doublet peaks (Figure
1B). Unfortunately, in real cross-linking experiments, isotopic
patterns of intra- and intermolecular cross-links often overlap,
and two populations of restraints are formed (Figure 1C,D);
thus relying only on MS/MS information is not sufficient to
find out what population of cross-links is more dominant in its
mixture. The cross-linked ion intensities must be taken into
account.
In this study, we report a new software called LinX, whose

algorithm enables the evaluation of CXMS data from MIX,
including calculations of ratios describing the occurrence of
intermolecular cross-links in its mixture with intramolecular
cross-links as well as an evaluation of data from protein−
nucleic acid cross-linking. LinX is a Java language-based tool
designed for the rapid assignment, evaluation, and validation of
mass-spectrometric data sets. LinX has been developed
primarily for accurate high-resolution mass spectrometry data
(MS1); however, it offers, in principle, analysis of any other
deconvoluted MS data (MSn) in case MS1 data are separately
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extracted from spectra. LinX is suitable for a large community
of users because of its simple and intuitive graphical user
interface (GUI), its possibilities for personalization, and the
maximal independence of the type of mass spectrometer or
vendor-specific software.
The LinX software was evaluated on three different

biological systems: the Nkrp1b receptor of mouse natural
killer cells,20 lens epithelium derived growth factor/p75
(LEDGF/p75),21 and the complex of transcription factor
FOXO4 with its DNA response element.22

With regard to biological systems, natural killer cells
represent a special type of toxic lymphocytes essential to
innate immunity, which are regulated using receptors on target
cells.23 One of these receptors in mice is called Nkrp1b or
Klrb1b. Here we studied data from its structural character-
ization by CXMS, where intermolecular cross-links were
identified using MIX. Another system analyzed, LEDGF/p75,
belongs to the group of transcription coactivators and forms
crucial parts of the RNA polymerase II transcription system.24

LEDGF/p75 was recently reported as an interaction partner of
HIV1 integrase.25 In this study, we focused on data from the
CXMS analysis of the dimerization interface. The last protein
tested, FOXO4, is a well-characterized human transcription
factor, a member of the forkhead box class (“O” subfamily),
which forms a complex with the DNA-binding element of Daf-
16.26 Data from the CXMS of the complex cross-linked by
transplatin were used to examine the LinX tools for protein−
nucleic acid cross-links.

■ EXPERIMENTAL SECTION
The experimental setup of protein cross-linking procedures
followed previously published protocols.20−22 A brief descrip-
tion of the experiments performed is provided as follows.
The 16 μM mixture of the Nkrp1b natural form and its 15N-

labeled form (at a 1:1 ratio) in 10 mM HEPES and 150 mM
NaCl buffer (pH 7.4) was modified by 20 molar excess of
disuccinimidyl glutarate (DSG) and disuccinimidyl suberate
(DSS). The cross-linking reaction was quenched by 2 molar
excess of ethanolamine after 2 h of incubation, and the
resulting mixture was separated by SDS-PAGE in 12%
polyacrylamide gel. Protein bands corresponding to the
Nkrp1b homodimer were excised, reduced, alkylated, and
digested via AspN and subsequently by trypsin protease
overnight at 37 °C (in a 1:20 ratio). The peptides were
extracted from the gel and characterized by analytical reversed-
phase column online coupled to the Fourier-transform ion
cyclotron resonance (FT-ICR) mass spectrometer solariX XR.
The natural LEDGF/p75 protein was mixed with the 15 N

form, and the mixture was subjected to gel filtration on a
Superdex75 column. A corresponding fraction (20 μM) was
cross-linked by a 10 molar excess of DSG at room temperature
for 2 h and digested by trypsin in solution for 4 h at 37 °C (in
a 1:10 ratio). The acquired peptides were separated on a
reverse-phase column and measured using the FT-ICR mass
spectrometer solariX XR.
The 20 μM complex of FOXO4 with the DNA-binding

element in 150 mM ammonium acetate buffer (pH 6.85) or 10
mM HEPES, 50 mM NaCl(pH 7.4) was cross-linked by a 10
molar excess of trans-platinum(II)diammine dichloride (trans-
platin) for 14 h at 18 °C or by a 10 molar excess of DSG for 2
h at room temperature, respectively. The modified complex
was then analyzed by native and SDS-PAGE electrophoresis.
The digestion of the complex involved treatment with trypsin
and nuclease BAL-31 complex and proceeded to liquid
chromatography−MS/MS analysis in a data-independent
mode. Data acquired from all experiments were processed
using Data Analysis 4.4 (Bruker Daltonics, Billerica, MA),
where the peptide signals were deisotoped and deconvoluted
via the SNAP 2.0 algorithm to the text files and served as input
for LinX.

■ RESULTS

Software Description

LinX is written in Java and runs on all devices installed with
Java Runtime Environment version 8 or higher. The software is
distributed as a compressed zip file containing all of the
necessary components in a folder \LinX. Immediately after
unpacking, the software is ready to use, with no need for
further installations. LinX requires no additional large libraries;
however, its functionality can be customized to specific
applications by external add-ons called modules. The external
module can be written in any programming language; the only
restriction for the module is to read and return data in the
LinX-compatible format. The syntax of the input/output data
format is described in the documentation in detail. However,
the working capacity of the system must be considered for new
modules. LinX was designed for the analysis of single proteins
or small complexes; currently, calculations for this type of data
using a common desktop system (4−8 GB RAM) take a few
seconds or minutes depending on the molecular weight of the
protein, but a new module could increase the computation

Figure 1. Theoretical mass spectra of type-2 products resulting from
mixed-isotope cross-linking (MIX), where unlabeled (14N) protein is
mixed with 15N-labeled protein in a 1:1 ratio before the cross-linking
reaction. (A) Regular isotopic pattern for intermolecular type-2
products. (B) Isotopic pattern for intramolecular type-2 products. (C)
Overlap of isotopic patterns for intermolecular and intramolecular
type-2 products, where the intermolecular cross-link is preferentially
formed, and the inter/intra ratio is 85:15. (D) Overlap of isotopic
patterns for intermolecular and intramolecular type-2 products, where
the intramolecular cross-link is preferentially formed, and the inter/
intra ratio is 15:85

Journal of Proteome Research pubs.acs.org/jpr Technical Note

https://dx.doi.org/10.1021/acs.jproteome.0c00858
J. Proteome Res. 2021, 20, 2021−2027

2022

https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00858?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00858?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00858?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00858?fig=fig1&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00858?ref=pdf


time. For example, the average speed of the algorithm is 8.2 ms
per scan for the following parameters: studied system: 8
proteins; molecular weight:110 kDa; modifications: variable
oxidation of methionine, fixed carbamidation of cysteines;
cross-linking agent: DSG; protease: trypsin and AspN protease,
four missed cleavages; mass accuracy: 2 ppm; computation
system: 8 GB RAM system, processor: i6 1.8 GHz, operating
system: Windows 10.
The simple LinX GUI is divided into three general sections.

Input data are defined or uploaded in the first section. An
intuitive one-way flow guides the user through several panels
where protein sequences, proteases, post-translational mod-
ifications (PTMs), cross-linkers, and input MS data are
selected for the assignment process. A menu bar also allows
the user to upload settings from previous analyses, save current
settings to the output file, or modify libraries of elements,
PTMs, or cross-linkers. An informative console in the second
section provides process state information. The last result
section enables handling (sorting, Filtering, and Grouping)
with a list of assigned masses. Additional external modules can
be called from the results window. For example, the Draw
module distributed with the software enables users to align the
list of peptides to the protein sequence to immediately verify
the sequence coverage and peptide distribution.
Software Workflow

The general workflow of LinX is shown schematically in Figure
2. Input 1 consists of the amino acid sequence(s) of the
protein(s) in a single letter code, for example, a fasta file.
Compared with the other cross-linking software, LinX allows
multiple selection as well as the selection of only one sequence
from the list of sequences in one fasta file. Input 1 also includes

information on static and variable modifications and protease
cleavage sites. Unlike similar strategies to analyze cross-linking
products,1,11 the proteases site panel in LinX is formed by a
specific semiautomatic script, and thus the search enables users
to cleave from the N- and C-terminus in one analysis. Using
theoretical proteolysis products resulting from Input 1 and
considering the properties of the cross-linker (Input 2), all
possible cross-links are calculated. The cross-links library
generated is compared with the experimental data (Input 3),
with user-specified mass accuracy. Input 3 must contain plain
text values in delimiter (e.g., tabulator or space)-separated
columns and can be loaded as a .txt or .mgf (Mascot generic
file) file with predefined parameters. Additionally, the program
allows the user to compare more than one mass list file in the
same assignment process. Outputs of the program represent a
table of positively assigned peptides and cross-links (Output 1)
and protein maps showing protein sequence coverage,
including modified peptides (Output 2) visualized by the
Draw external module function. Output 1 represents the final
table of LinX (Figure S1), which consists of two parts. The
upper part is a window with parameters for the calculation.
The second part is the final list of assigned unmodified
peptides and peptides modified by cross-linking agents (dead-
end cross-links/monolinks: type-0 products; intrapeptide
cross-links: type-1 products; and interpeptide cross-links:
type-2 products).2 Multiple peptide modifications by cross-
linking agents can be selected, and the final list can
simultaneously contain peptides forming type-0 and type-1
or type-2 products. The results can be saved as a .sen file. In
addition, the table contains several functions for more efficient
work with annotated experimental data.
If LinX is used to identify intermolecular type-2 products in

MIX homodimers, then Output 1 represents input for new
calculations, where theoretical masses of 15N-labeled cross-
linked peptides are computed and compared with experimental
data (Input 3). Unlike Output 1, the new list of type-2
products generated (Output 3) contains four extra columns
called 14N/14N, 14N/15N, 15N/14N, and 15N/15N (Figure S2).
Masses in these columns are highlighted in blue or red. Blue
indicates that the charge mass for the precalculated mass
(written in the cell) was positively assigned; therefore, it can be
assumed that the corresponding form of the monomer has
been present in solution. On the contrary, red means that the
corresponding mass was not found in the experimental data.
The shade of red/blue correlates with the intensity of the mass.
The color becomes darker with increasing intensity of the
mass.
In addition, the list of type-2 products contains the column

labeled inter/intra ratio, which shows whether inter- and
intramolecular cross-linked peptides are present in the sample
at the same time. The ratio is calculated from the intensities of
the isotopic patterns written in the experimental data (Output
3). This feature makes LinX a unique tool to evaluate data
from MIX cross-linking, and even if some other software
packages (Kojak, pLink2) can also be used to identify cross-
links that originated from 15N labeling,27 they cannot
distinguish whether the type-2 product identified is strictly
intermolecular or if it is a mixture of inter- and intramolecular
cross-links and which type dominates. Output 3 provides
information on the original mixture of unlabeled (14N) and
15N-labeled protein as well. Information is represented by a
correction factor that is computed from the intensities of all
assigned peptides for each protein written in the Input 1 file.Figure 2. General scheme of LinX workflow.
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The correction factor serves as a double check of whether
unlabeled (14N) and 15N-labeled proteins are equimolar. If not,
LinX warns the user(s) that the isotopic patterns in raw spectra
will be affected and recommends that a manual verification of
all identified intermolecular cross-links in the raw data must be
performed.

Alternatives, Grouping, and Filtering

To simplify and improve work with results, several functions
called Alternative, Grouping, and Filtering can be used. The
grouping and filtering utilities enable users to join several lines
into one line, according to the specified modifications, bonds,
or masses, or to highlight data of specific interest and hide the
rest, respectively. Several math operators, such as “intensity
higher than 10X” and “sequence contains...”, can be selected
and used as part of the filtering query. The Alternative search
serves as a validation mechanism (target decoy search strategy)
for the selected masses assignment. The search is executable
from the results window by right-clicking the selected line(s)
and choosing the option “Find alternatives” in the context
menu. Although proteins are digested according to the rules
selected in a standard search, the Alternative search employs a
nonspecific digest of all sequences. All of the other parameters
in the following panels remain active and are included in the
new calculation. A detailed description of these functions is
provided in the user’s guide in the Supporting Information.

User-Defined Building Blocks

Free access to general settings enables users to define/redefine
basic parameters of the script and modify them for the user’s
specific needs. Additional elements or isotopes that are
commonly incorporated in isotopically coded cross-linkers,
such as 13C carbons28 and 2H hydrogens,29,30 can be added.
These isotopes must be defined as a new list item with a
unique letter/character and corresponding atomic mass.

Similar to elements, the basic block chain can be redefined;
therefore, amino acids can be easily replaced by nucleotides,
and LinX can be used for the analysis of nucleic acid−nucleic
acid cross-links or even for protein−nucleic acid cross-links.
This simple change requires the user to define nucleotides in
the general settings with different letters from those used for
amino acids and modified using phosphate.
Software Evaluation

LinX was validated on three different biological systems:
Nkrp1b, LEDGF/p75, and the complex of transcription factor
FOXO4 with its DNA response element. Using the Links tool,
in-house-built software based on the ASAP,1 we had previously
identified nine intramolecular cross-links within the Nkrp1b
molecule and six intermolecular cross-links between mono-
meric subunits. The data reevaluation using LinX revealed
another six intermolecular restrains in addition to those
previously described20 (Figure S2; Table S1). Those additional
distance constraints satisfied the structural models of Nkrp1b20

and the X-ray structural model of the Nktp1b−ClrB
complex.31 The DSG distance constraints do not exceed 20
Å. Moreover, the quantitation feature of the LinX algorithm
enabled us to calculate the inter/intra ratio, which identified
intramolecular cross-links involved mainly in dimer formation.
Another example demonstrates the robustness of LinX to

define intra/intermolecular restraints within the LEDGF/p75
homodimer. In a previous report, the inter/intra ratio was
manually calculated from the raw data. The LinX analysis of an
identical data set determined that the inter/intra ratio for all
intermolecular cross-links identified is in agreement with
previous results (Table S2) and the NMR structural model.21

The LinX deviation did not exceed the manual quantification
by more than 4%.
Furthermore, the analysis of the FOXO4/Daf16 complex by

LinX revealed 37 protein−protein cross-links, which were

Figure 3. (A) Example of the protein−protein cross-link identified using LinX software. Peptide 74−88 from the FOXO4 protein cross-linked with
peptide 152−159 by transplatin. Theoretical simulation of the isotopic envelope for the protein−protein cross-link (blue) compared with
experimental data (red). (B) Example of the protein−nucleic acid cross-link identified using LinX software. Peptide 74−88 from the FOXO4
protein cross-linked with oligonucleotide CTTGTTTACCCAA by transplatin. Theoretical simulation of the isotopic envelope protein−DNA
cross-link (blue) compared with experimental data (red).
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identical to the previous report (Figure 3A)22 where the DSG
cross-linking data set was analyzed by StavroX (3.6.0.1).15 The
speed of the data interpretation was comparable (8 s for
StavroX; 10 s for LinX). Moreover, LinX is capable of
calculating oligonucleotides and thus enables the identification
of protein−nucleic acid cross-links (Figure 3B). Seven
peptide−oligonucleotide cross-links were identified and
subsequently validated by the presence of a platinum atom,
which has a specific isotopic pattern (Figure 3B). Those
additional distance constraints nicely correlate with the
reported structural models of the FOXO4/Daf16 complex.22

To define the reliability of the LinX algorithm, the ion signal
assignment was performed on the hybrid fasta library
consisting of the protein of interest, redundant proteins,
trypsin, and their inverted sequences using variable mass
accuracy and the nitrogen discriminator. In particular, the
Nkrp1B data set was searched against the database that
consists of the Nkrp1b protein sequence, the inverted Nkrp1b
sequence, the LEDGF/p75 protein sequence, the inverted
LEDGF/p75 sequence, the FOXO4 sequence, the inverted
FOXO4 sequence, the trypsin protease sequence, and the
inverted trypsin sequence. The parameters for the search were
as follows: modifications: variable oxidation of methionine;
variable type: 0 product of lysine, serine, threonine, and
tyrosine, fixed carbamidation of cysteines; cross-linker: DSG or
DSS; protease: trypsin, three missed cleavages; mass accuracy:
1−5 ppm. Any false-positive assignments were not observed
when analyzing 14N and 15N samples (Nkrp1b and LEDGF/
p75) up to mass accuracy 5 ppm. This target decoy analysis
indicates the 0.0% false discovery rate (FDR) value for cross-
linked peptides using the nitrogen discriminator. More false-
positive assignments were reported not using the nitrogen
discriminator: 3.0% FDR at mass accuracy <1 ppm, 5.0% FDR
at mass accuracy <2 ppm, and 10.0% FDR at mass accuracy <3
ppm. Therefore, it is recommended to keep the mass accuracy
to <1 ppm when the nitrogen discriminator is not in use, and it
might be increased up to 3 ppm with the 15N function on.

Benefits of LinX for 15N-Labeled Protein Analysis

As previously mentioned, a few software packages, namely,
DXMSMS Match,32 Kojak,7 pLink2,9 and MeroX,16 can also
be used for MIX experimental data evaluation. It is difficult to
compare these because they have objectives different from
those of LinX. Because these software packages were developed
to go through highly complex data sets from large proteomic
studies and their subsequent quick interpretation, they focus
mainly on the reading and analysis of fragmentation spectra;
however, this focus could partially lead to the loss of
information hidden in MS1 spectra. The aim of LinX is quite
the opposite. The idea behind the program was to design a tool
for the analysis of a simple system (a single protein or a small
complex whose sequence is known), considering the
quantitative manner of MS data. LinX is based on reading
MS1 spectra, where users can elucidate the inter/intra ratio
previously described, which illustrates whether the type-2
products identified from MIX are strictly intermolecular or a
mixture of inter- and intramolecular cross-links and which type
dominates. Taken together, compared with other software
packages, LinX provides a different type of information on
systems studied by MIX, and thus it can be used as a
complementary tool for other searches and vice versa.

■ CONCLUSIONS
LinX is a free and open-source software for the evaluation of
MS data from CXMS experiments. Originally, it was designed
to provide a tool for the interpretation of high-resolution
accurate mass data (1.0 ppm and lower); however, the
simplicity of the input parameters enables users to use LinX to
process data from any mass spectrometer in case MS1 data are
separately extracted from spectra. Nevertheless, LinX is not
suitable for data analysis when the mass accuracy is >2.0 ppm.
Although LinX was primarily intended for protein cross-linking
experiments, its unique scripting design significantly extends
the range of possible applications to nucleic acid−nucleic acid
and protein−nucleic acid cross-linking. To our knowledge, it is
currently the only available alternative tool in a situation when
the novel covalent bond introduced by the cross-linker is labile
and does not survive data-dependent acquisition. The major
strengths of LinX are its easy-to-use GUI, the choice to easily
improve it by external modules, and the highly automated
analysis of CXMS data for the identification of intermolecular
cross-links originating from homodimer interactions, including
the calculation of the ratio that describes the occurrence of
intermolecular cross-links in its mixture with intramolecular
cross-links. Because the software was developed for single-
protein or small-complex analysis, its only limitation might be
the analysis of large biological complexes, where the calculation
time would increase because of the random-access memory
available. The software, including the source code and user
guide, can be requested by e-mail to zdenek.kukacka@biomed.
cas.cz or obtained by free download from the Web site https://
github.com/KukackaZ/LinX or directly from https://ms-utils.
org/LinX.
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Zdeneǩ Kukacǩa − Institute of Microbiology, v.v.i., The Czech
Academy of Sciences, Prague 14220, Czech Republic;
orcid.org/0000-0001-7569-843X
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et al. The C-Type Lectin-like Receptor Nkrp1b: Structural
Proteomics Reveals Features Affecting Protein Conformation and
Interactions. J. Proteomics 2019, 196, 162−172.
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