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Abstract. The chemical cross-linking/mass spectrometry (MS) approach is gaining
increasing importance as an alternative method for studying protein conformation
and for deciphering protein interaction networks. This study is part of our ongoing
efforts to develop innovative cross-linking principles for a facile and efficient assign-
ment of cross-linked products. We evaluate two homobifunctional, amine-reactive,
and MS-cleavable cross-linkers regarding their potential for automated analysis of
cross-linked products. We introduce the bromine phenylurea (BrPU) linker that
possesses a unique structure yielding a distinctive fragmentation pattern on collision-
al activation. Moreover, BrPU delivers the characteristic bromine isotope pattern and
mass defect for all cross-linker-decorated fragments. We compare the fragmentation

behavior of the BrPU linker with that of our previously described MS-cleavable TEMPO-Bz linker (which consists
of a 2,2,6,6-tetramethylpiperidine-1-oxy moiety connected to a benzyl group) that was developed to perform free-
radical-initiated peptide sequencing. Comparative collisional activation experiments (collision-induced dissocia-
tion and higher-energy collision-induced dissociation) with both cross-linkers were conducted in negative
electrospray ionization mode with an Orbitrap Fusion mass spectrometer using five model peptides. As hypothe-
sized in a previous study, the presence of a cross-linked N-terminal aspartic acid residue seems to be the
prerequisite for the loss of an intact peptide from the cross-linked products. As the BrPU linker combines a
characteristic mass shift with an isotope signature, it presents a more favorable combination for automated
assignment of cross-linked products compared with the TEMPO-Bz linker.
Key words: Bromine isotope pattern, Chemical cross-linking, Free-radical-initiated peptide sequencing, Tandem
mass spectrometry, TEMPO-Bz linker
Abbreviations ACN Acetonitrile; BrAm Amine fragment of bromine phenylurea cross-linker; BrIc Isocyanate
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ciation; DMSO Dimethyl sulfoxide; ECD Electron capture dissociation; ESI Electrospray ionization; ETD Electron
transfer dissociation; FRIPS Free-radical-initiated peptide sequencing; HCD Higher-energy collision-induced dis-
sociation; MS Mass spectrometry; NCE Normalized collision energy; NHS N-Hydroxysuccinimide; TEA
Triethylamine; TEAAc Triethylamine acetate; TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxy

Received: 23 March 2017/Revised: 3 May 2017/Accepted: 7 May 2017/Published Online: 26 June 2017

Introduction

Chemical cross-linking in combination with mass spec-
trometry (MS) has emerged as a promising technique for

studying protein conformation as well as protein–protein and
protein–ligand interactions [1–6]. Because of the great variety
of commercially available cross-linking reagents and standard-
ized protocols, the cross-linking/MS approach has become a
powerful tool for studying in vitro and in vivo protein systems
[7–9]. The major choices to be made comprise the selection of
suitable reactive groups that determine cross-linker reactivity
(homobifunctional or heterobifunctional) and the proper spacer
length of the linker. Cross-linkers should be sufficiently long
(spacer length approximately 15Å) to allow a reaction between
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protein interaction partners; on the other hand they should be
short (approximately 5 Å) to allow a computational modeling
based on the spatial distance constraints imposed by the cross-
links [10–14]. A liquid-chromatography-based reversed-phase
separation of cross-linked peptides preceding the MS analysis
can be regarded as a standard element in sample preparation. In
addition, further prefractionation steps (e.g., by size exclusion
or strong cation exchange chromatography) are beneficial for
enrichment of cross-linked products [15–17]. However, im-
proved enrichment and separation tools do not necessarily
guarantee better cross-link identification. Various attempts
have been made to allow unambiguous MS identification of
the low-abundance cross-linked products frequently produced,
ideally requiring the complete sequencing of both cross-linked
partners. One of the drawbacks in chemical cross-linking com-
bined with MS is that in many cases only one of the connected
peptides is thoroughly sequenced, and there are no fragmenta-
tion data available for the other peptide [18, 19]. Since different
combinations of cross-linked peptides might yield isobaric
species, it is desirable to determine the intact masses of the
cross-linked peptides and thoroughly sequence both peptides.

To efficiently handle the challenges involved in the identi-
fication of cross-linked products, three general attempts have
beenmade: First, incorporation of stable isotopes (2H or 13C) in
the spacer of the cross-linker allows the identification of cross-
links by a directed search for characteristic isotopic patterns as
usually isotope-coded and noncoded cross-linking reagents are
used in a 1:1 ratio [20]. Isotope doublets with distinct mass
differences are identified not only at theMS level but also at the
MS/MS level, and will therefore serve as proof of a Btrue^
cross-link [21–24]. Fragmentation efficiencies are not changed
by this approach, and the fundamental problem of varying
fragmentation efficiencies of the cross-linked peptides remains
unsolved. The power of the isotope-labeling approach is further
increased by use of mass defects of heteroatoms [25–35]. A
characteristic mass-deficient modification in combination with
a unique isotopic pattern is obtained when bromine-containing
labeling reagents are used. Bromine exhibits a natural isotope
distribution with two nuclides, separated by 1.998 u, with
nearly equal intensities originating from 50.69% 79Br
(78.9183 u) and 49.31% 81Br (80.9163 u). This Bbromine
isotope signature^ has been used for peptide sequencing [36–
38] and for localizing phosphosites [39]. Not surprisingly, the
high mass defect of bromine (-0.82 u) has proven especially
useful for the MS-based identification of labeled peptides [28,
31–33, 35] as it is more pronounced than the mass defect
resulting from phosphorylation (-0.70 u) [25, 40, 41].

Second, specific fragmentation of the cross-linker will im-
prove the identification of cross-linked products. The use of
different fragmentation techniques, such as collision-induced
dissociation (CID) in a low collision and activation energy
regime [42], higher energy CID (HCD), and electron transfer
dissociation (ETD)/electron capture dissociation (ECD) [43,
44], may result in complementary fragmentation patterns for
a facilitated cross-link identification [45–47]. Collision-based
methods are the state of the art in proteomics applications, with

resonant activation in ion traps being the most commonly used
fragmentation technique. In contrast to the collisional activa-
tion methods, ETD and ECD yield c- and z-type ions, but the
reduction of the precursor ion is frequently observed [48, 49].
Also, duty cycles are limited by the reaction time of the ETD
reagent. Relatively low fragment ion yields, the need for high
precursor charge states, and the time-consuming ETD
workflow pose limitations for conducting parallel or sequential
CID/ETD fragmentation experiments for all precursor ions [47,
50, 51].

One novel concept to overcome the limitations of sequential
fragmentation experiments with CID and ETD is to perform
free-radical-initiated peptide sequencing (FRIPS) [52–54].
FRIPS relies on a CID-labile reagent forming open-shell pep-
tide product ions on collisional activation. When the cross-
linked peptides are analyzed in negative electrospray ionization
(ESI) mode, all competing fragmentation pathways are sup-
pressed and homolytic bond cleavage of the cross-linker leads
to the primary formation of the desired peptide radical product
ions. These initially formed product ions undergo further
radical-driven fragmentations, generating additional ETD-like
fragments that allow sequencing of the connected peptides and
pinpointing of the cross-linking sites [55, 56].

Finally, specifically designed MS-cleavable cross-linkers
further facilitate the unambiguous identification of cross-
linked products [57]. Here, the spacer arm of the MS-
cleavable cross-linker is designed to contain a CID-cleavable
bond, such as the labile Asp–Pro peptide bond [58–60], a
(thio)urea group [61–63], or a sulfoxide [64–66]. Alternatively,
cross-linkers with ETD-cleavable disulfides or hydrazones [67,
68] and photocleavable cross-linkers have been developed [7,
69, 70]. The reproducible fragmentation of labile groups in the
cross-linker chain results in the formation of two specifically
decorated peptide fragment ions. Hence, the characteristically
mass-shifted peptide product ions are unambiguously deter-
mined on the basis of the predictable and unique fragmentation
pattern of the cross-linker [47].

Since the design of MS-cleavable cross-linkers does not
preclude the additional use of isotope coding, we aimed to test
the combination of complementary strategies to further im-
prove the sensitive and effective identification of peptide
cross-links. In the two cross-linking principles presented in this
article, we rely on reagents combining MS cleavability with
bromine isotope coding, as in the novel bromine phenylurea
(BrPU) linker, or FRIPS, as in the recently introduced
TEMPO-Bz l inker , which consis ts of a 2,2 ,6 ,6-
tetramethylpiperidine-1-oxy (TEMPO) moiety connected to a
benzyl (Bz) group. To test this multidimensional approach, we
compare the fragmentation behavior of five cross-linked pep-
tides in negative ESI experiments on collisional activation
(CID and HCD) performed with an Orbitrap Fusion mass
spectrometer. As we had previously observed the loss of intact
peptide chains from cross-linked peptides containing acidic
residues when using the TEMPO-Bz linker in negative ESI
experiments, we also sought to further elucidate this character-
istic fragmentation behavior [56].
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Experimental
Chemicals and Peptides

All chemicals and solvents were used without further purifica-
tion (Acros Organics, Aldrich, Fluka, Merck). Human angio-
tensin II was purchased from Sigma-Aldrich, and test peptide 1
was obtained from Creative Molecules. The tripeptides EAA,
DAA, and VVA were kindly provided by Mike Schutkowski
(Martin Luther University Halle-Wittenberg).

Synthesis of Cross-linkers

Synthesis of the BrPU linker is described in the electronic
supplementary material; synthesis of the TEMPO-Bz linker
was performed as described previously [71].

Cross-linking Experiments

Experiments with the Tripeptides EAA, DAA, and VVA Three
microliters of triethylamine (TEA) was added to one peptide
aliquot [2 μl, 20 mM in dimethyl sulfoxide (DMSO)] to give
5 μl of 8mMpeptide solution. One equivalent of cross-linker (5
μl, 8 mM in DMSO) was added, and after 30 min at room
temperature, 1 μl water was added to hydrolyze unreacted
cross-linker overnight. Samples were then diluted with
0.18 M triethylamine acetate (TEAAc) solution to give a final
volume of 133 μl (300 μM peptide solution containing approx-
imately 5% DMSO). Samples were loaded on C18 ZipTip
columns (Millipore) that had been equilibrated with acetonitrile
(ACN) and 0.1M TEAAc, washed five times with 0.1M
TEAAc, and stored at 4 °C. Before MS experiments, the
samples were washed four times with 10% (v/v) ACN; for
VVA, 30% (v/v) ACN. Elution was performed three times with
5-μl aliquots of 0.8% (v/v) TEA in 80% (v/v) methanol. Ali-
quots were combined to yield a final sample volume of 15 μl.

Experiments with Angiotensin II and Test Peptide 1 DMSO
(3.5 μl), TEAAc solution (0.5 μl), and TEA (0.5 μl) were added
to one peptide aliquot (2 μl, 10 mM in H2O). To this solution,
3.5 μl of 40 mM cross-linker solution (in DMSO) was added to
give 10 μl of a 2 mM peptide solution in 70% (v/v) DMSO.
The reaction was allowed to proceed overnight at room tem-
perature. Then, 40 μl TEA (80mM)–TEAAc (20 mM) solution
was added to give a 400 μM peptide solution [14% (v/v)
DMSO]. Samples were loaded on C18 ZipTip columns and
washed seven times with 0.1 M TEA–TEAAc. Samples were
eluted as described earlier, but washed with 40% (v/v) ACN
before elution. Test peptide 1 was cross-linked and digested
with trypsin according to a previous protocol [56].

Offline Nano-ESI Orbitrap MS

Samples (3 μl) were applied to self-made capillaries, and MS
analysis was performed with an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific) with a nano-ESI

source (Nanospray Flex, Thermo Fisher Scientific). Capillaries
(4-in., 1.2-mm outer diameter, 0.68-mm inner diameter, fire-
polished borosilicate glass capillaries with filament, World
Precision Instruments) were pulled in-house (model P-1000
Flaming/Brown-style micropipette puller, Sutter Instrument)
and gold coated. The capillary voltage was set between -1.0
and -1.2 kV and the source temperature was held at 275 °C.MS
data were collected in them/z range from 150 to 2000. For MS/
MS measurements, ions were isolated in the quadrupole with
an isolation window of 2 Th (TEMPO-Bz linker) and 4 Th
(BrPU linker), fragmented by CID and HCD (0–30% normal-
ized collision energy; NCE), and analyzed in the Orbitrap (R =
60,000 atm/z 200) with external calibration (experimental error
less than 5 ppm) or internal calibration (experimental error less
than 3 ppm). To avoid adduct formation of cross-linked pep-
tides, in-source activation was applied (30–50 eV).

Results and Discussion
Nomenclature of Fragment Ions

BrPU Linker We have synthesized a homobifunctional
amine-reactive, N-hydroxysuccinimide (NHS) ester cross-
linker containing two amine bromobenzoic acid moieties
connected by a central urea group (see the electronic
supplementary material). We termed our novel cross-
l i nke r Bbromine pheny lu r e a^ (B rPU) : b i s (2 , 5 -
dioxopyrrolidine-1-yl) 4,4′-(carbonylbis(azanediyl))bis(3-
bromobenzoate). CID of the urea group proceeds in a
nonsymmetrical fashion giving rise to an amine (BrAm)
and an isocyanate (BrIc; Fig. 1). The unique structure of
BrPU leads to the previously described urea-typical frag-
mentation pattern exhibiting two doublets with a distinct
mass difference of 25.979 u [61], and additionally imprints
the bromine isotope pattern for all cross-linker-decorated
fragments (Figs. S1, S2).

TEMPO-Bz L inke r The p r e v i o u s l y d e s c r i b e d
homobifunctional amine-reactive TEMPO-Bz linker [56,
71] is CID-cleavable {(1-[2-(2,5-dioxopyrrolidine-1-
yloxycarbonyl)benzyloxy]-2,2,6,6-tetramethylpiperidine-4-
carboxylic acid 2,5-dioxopyrrolidine-1-yl ester} and con-
tains a TEMPO moiety connected to a Bz group. CID of
the central NO–C bond proceeds exclusively in a homo-
lytic fashion during collisional activation in negative ESI
experiments, resulting in a benzoyl radical (Bz•) and a
TEMPO• radical (Fig. 2; see Fig. S3 for a comparison of
positive and negative ESI-MS). In negative ESI mode,
product ion CID experiments trigger a homolytic cleavage
that results in the exclusive formation of a characteristic
doublet with a distinct mass difference of 65.084 u.
Whereas the stable TEMPO• radical undergoes a limited
number of further radical-driven fragmentations, the more
reactive Bz• radical initiates the migration of the radical
site within the fragment ion, leading to various radical-
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Fig. 1. Reactivity of the BrPU linker with amine groups in peptides and nomenclature of the fragments created in created in negative
electrospray ionization (ESI)–collision-induced dissociation (CID) tandem mass spectrometry (MS/MS)

Fig. 2. Reactivity of the TEMPO-Bz linker with amine groups in peptides and nomenclature of the fragments created in negative
ESI–CID-MS/MS
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driven fragmentations (Fig. S4). These give rise to c- and
z- type ions, in addition to a- and x-type ions, and neutral
losses from amino acid side chains (Fig. S5) [56].

Choice of Model Peptides for Cross-linking

We selected three tripeptides as simple model systems for
cross-linking, encompassing the sequences EAA, DAA,
and VVA, as they contain only the N-terminus as a reac-
tion site with the NHS ester linkers used here. The se-
quences of these peptides were designed on the basis of
our previous hypothesis on the presence of an N-terminal
acidic amino acid that triggers the loss of an intact peptide
from the cross-linked product [56]. On cross-linking, co-
valently connected peptide dimers are obtained. As addi-
tional model peptides, we selected angiotensin II
(DRVYIHPF) and test peptide 1 with an acetylated N-
terminus (Ac-TRTESTDIKRASSREADYLINKER), which
have already been used by us in cross-linking/FRIPS stud-
ies [56].

BrPU Cross-linking

For all three cross-linked tripeptides (EAA, DAA, and
VVA), HCD yields a higher number of fragment ions than
CID (Figs. 3a–c, S6a–c) [72]. The negative ESI–CID spec-
tra, recorded at 15% NCE, show the precursor ions of the
cross-linked peptide dimers as doubly negatively charged
signals, with only minor amounts (relative intensities of 1–
8%) of cross-linker fragment ions. On the other hand, HCD
spectra recorded at the identical NCE also revealed linker
fragments, partially with neutral losses (water, ammonia,
CO2), as well as peptide fragments. The different fragment
ions created in CID versus HCD originate from the nature
of collisional activation—namely, resonant activation in
the ion trap versus beam-type activation—causing a higher
number of secondary fragmentation events in HCD. For all
three peptides, the characteristic BrIc and BrAm fragments
of the cross-linker were observed. The loss of a complete
peptide was the base peak for the cross-linked DAA dimer,
according to the signal at m/z 239.066 (Fig. 3b),
confirming our hypothesis of an N-terminal acidic amino
acid to be the requirement for this fragmentation. The loss
of an intact peptide was not observed for the cross-linked
EAA dimer, underlining the importance of an N-terminal
aspartic acid residue.

For BrPU-cross-linked angiotensin II, the differences
between CID and HCD fragment ion spectra (0–30%
NCE) are not as pronounced as for the tripeptides
(Figs. 3d, S6d). The most prominent signals in the frag-
ment ion mass spectra recorded at 20% NCE correspond
to the BrIc and BrAm fragments of the BrPU linker.
Other high-abundance signals represent the loss of a
peptide from the cross-linked angiotensin II dimer, which
is attributed to the presence of an N-terminal aspartic
acid. Angiotensin II contains a second potential reaction

site for NHS esters at Tyr-4 in addition to the N-
terminus; however, it was never observed to participate
in the cross-linking reactions. The presence of the y7 ion
in the fragment ion mass spectra indicates an exclusive
reaction of the N-terminus with BrPU.

In contrast to the other peptides used, test peptide 1
was tryptically digested after the cross-linking reaction,
r e s u l t i n g i n t h e f r a gm en t s TESTD IKR and
EADYLINKER, which are linked via their lysine resi-
dues. In CID fragment ion spectra recorded at 20% NCE,
the linker fragments BrIc and BrAm are almost exclu-
sively observed as singly and doubly negatively charged
species (Fig. 3e). In HCD, peptide backbone fragmenta-
tion is visible together with a prominent linker fragmen-
tation, including additional neutral losses, but we never
observed the loss of a complete peptide as exclusively
internal cross-links are created. In general, HCD yielded
richer spectra than CID for test peptide 1 (Fig. S6e).

TEMPO-Bz Cross-linking

Cross-linking studies of angiotensin II and test peptide 1
have been already performed by us with the TEMPO-Bz
linker using CID at 25% NCE [56, 71]. Here, we com-
pare negative ESI–CID and negative ESI–HCD condi-
tions for the three tripeptides EAA, DAA, and VVA as
well as for angiotensin II and test peptide 1. In particu-
lar, we aimed to investigate more closely the loss of a
complete peptide from the cross-linked product that we
had observed in our previous studies. For EAA, DAA,
and VVA, the CID fragment ion mass spectra (15%
NCE) are almost identical, showing the precursor ion of
cross-linked peptide dimers as base peaks, with only
negligible amounts of fragment ions originating from
the linker (Figs. 4a–c, S7a–c). The HCD spectra (15%
NCE) exhibit a completely different behavior: For EAA
and VVA, the TEMPO•-modified peptide presents the
most abundant species (Fig. 4a, c), whereas for DAA,
the intact cross-linked peptide dimer is the base peak
(Fig. 4b). Also, peptide backbone fragments as well as
neutral losses are observed. As for the BrPU linker, the
loss of an intact peptide chain is found only for DAA,
but not for EAA and VVA. As aspartic acid is able to
form a six-membered intermediate, it is prone to induce
the fragmentation of an adjacent amide bond in the
peptide. In the case of an N-terminal aspartic acid, there
are two neighboring amide bonds (the newly created
amide bond to connect the peptide with the cross-linker
and the peptide bond connecting the first and second
amino acids), which can be cleaved. As glutamic acid
possesses one additional methylene group in its side
chain compared with aspartic acid, it does not induce
this specific fragmentation. Further elucidation of the
exact mechanism of this reaction will be the topic of
future studies.
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CID at 20% NCE of TEMPO-Bz-cross-linked angiotensin
II showed the doubly negatively charged cross-linked dimer at

m/z 1194.103 as the most prominent species. Also, a number of
low-abundance signals are visible for linker fragments,

Fig. 3. CID (upper panel) and higher-energy CID (HCD; lower panel) fragment ion mass spectra for peptides cross-linked with the
BrPU linker: a EAA, the bromine isotope pattern is shown as an inset; b DAA; c VVA; d angiotensin II; e test peptide 1. Spectra were
recorded with 15% normalized collision energy (NCE) (EAA, DAA, and VVA) and 20% NCE (angiotensin II and test peptide 1). Gua
guanidine group. Asterisk signal is not assigned
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partially with neutral losses (water, ammonia, CO2) or the loss
of a methyl radical (Fig. 4d). As for the three tripeptides, HCD

produced much richer spectra, showing extensive peptide
backbone fragmentation (a-, x-, and z-type ions) as well as

Fig. 3. (continued)
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fragmentation of the linker and the loss of an intact peptide
chain (m/z 1044.528) (Fig. S7d).

For test peptide 1, CID at 20% NCE delivered a number of
linker fragments, which were visible as singly and doubly

Fig. 3. (continued)
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negatively charged species (Fig. 4e). The HCD spectra, recorded
at identical collision energies, looked similar to the CID spectra,

yet with a larger number of linker fragments and neutral losses,
whereas the loss of an intact peptide was not observed (Fig. S7e).

Fig. 3. (continued)

2030 C. Hage et al.: Novel MS-Cleavable Cross-linkers



Fig. 3. (continued)
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Fig. 4. CID (upper panel) and HCD (lower panel) fragment ion mass spectra for peptides cross-linked with the TEMPO-Bz linker: a
EAA; b DAA; c VVA; d angiotensin II; e test peptide 1. Spectra were recorded with 15% NCE (EAA, DAA, and VVA) and 20% NCE
(angiotensin II and test peptide 1). Asterisk signal is not assigned
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Fig. 4. (continued)
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Fig. 4. (continued)
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Conclusions
We evaluated two homobifunctional, amine-reactive, and
MS-cleavable cross-linkers regarding their potential for a

fast and facilitated analysis of cross-linked products. The
BrPU linker, which is described for the first time, com-
prises two bromobenzoic acid groups that are connected by
a central urea moiety. The unique structure of BrPU

Fig. 4. (continued)
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conserves the characteristic fragmentation pattern on colli-
sional activation, exhibiting two doublets with a distinct
mass difference of 25.979 u, that was previously found for

our first urea-based cross-linking reagent [61, 63]. BrPU
additionally imprints the bromine isotope pattern for all
cross-linker-decorated fragments, greatly facilitating the

Fig. 4. (continued)
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identification of cross-linked species and their selection for
MS/MS experiments. Additionally, we compared the frag-
mentation behavior of the BrPU linker with the recently
introduced homobifunctional amine-reactive TEMPO-Bz
linker that has been used for FRIPS studies. Comparative
CID and HCD experiments were conducted in negative
ESI mode with an Orbitrap Fusion mass spectrometer
using five model peptides. Our studies reveal that linker
fragmentation is the major pathway for both cross-linkers
investigated, accompanied by peptide backbone fragmen-
tation. In most cases, HCD yielded a higher number of
sequence-specific fragment ions than CID. As hypothe-
sized in a previous study, the presence of a cross-linked
N-terminal aspartic acid residue seems to be the prerequi-
site for the unique loss of an intact peptide from the cross-
linked products [56]. The novel BrPU linker combines a
characteristic mass shift and isotope signature and there-
fore presents a more favorable combination for automated,
fast, and reliable assignment of cross-linked products com-
pared with the TEMPO-Bz linker.
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