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Abstract Chemical cross-linking combined with mass spec-
trometry (MS) and computational modeling has evolved as an
alternative method to address fundamental questions in struc-
tural biology. The constraints revealed by the cross-links yield
valuable distance information and allow one to deduce three-
dimensional structural information on very large and transient
protein complexes. During the past few years, technical ad-
vances in the cross-linking/MS approach have been enor-
mous, mainly owing to the fantastic advances in MS technol-
ogy, and it is easily overlooked that significant progress has
been made in the design of novel cross-linking reagents. In
this review, the advent of cleavable cross-linking reagents will
be highlighted. In particular, gas-phase (MS-) cleavable cross-
linkers offer unique properties for an automated, data-
dependent assignment of cross-linked products based on the
generation of characteristic fragment ion signatures in MS/MS
and MS? spectra. Therefore, MS-cleavable cross-linkers are
envisioned to hold the key for proteome-wide applications of
the chemical cross-linking/MS approach, not only to delineate
the conformation of single proteins but also to decipher pro-
tein interaction networks.
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Abbreviations

Azide-A- Azide-tagged, acid-cleavable disuccinimidyl

DSBSO bissulfoxide

BAMG Bis(succinimidyl)-3-azidomethyl glutarate

BID N-benzyliminodiacetoyloxy succinimide

BuUrBu 4-{3-[3-(2,5-dioxo-pyrrolidine-1-
yloxycarbonyl) propyljureido } butyric acid
2,5-dioxo-pyrrolidine-1-yl ester

CBDPS Cyanurbiotindipropionyl succinimide

CID Collision-induced dissociation

DSBU Disuccinimidyl dibutyric urea

DSSO Disuccinimidyl sulfoxide

DTSSP 3,3'-dithiobis(sulfosuccinimidyl propionate)

ESI Electrospray ionization

ETD Electron transfer dissociation

HCD Higher-energy collision-induced dissociation

IRMPD Infrared multiphoton dissociation

LC Liquid chromatography

MALDI Matrix-assisted laser desorption/ionization

MS Mass spectrometry

MS/MS Tandem mass spectrometry

NHS N-hydroxysuccinimide

PIR Protein interaction reporter

RISE Reporter ion scan event

SDAD Succinimidyl 2-([4,4'-azipentanamido Jethyl)-
1,3'-dithiopropionate

SDS-PAGE  Sodium dodecyl polyacrylamide gel
electrophoresis

SuDP Disuccinimidylsuccinamyl aspartyl proline

Introduction

Chemical cross-linking combined with a mass spectrometric
analysis of the generated products has emerged as an
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alternative approach that is able to provide structural insights
into proteins [1-5]. The chemical cross-linking/mass spec-
trometry (MS) approach complements MS-based techniques
for studying structure and dynamics of proteins, such as native
MS [6, 7] and footprinting methods [8, 9]. In chemical cross-
linking, a chemical cross-linker is covalently inserted between
two functional groups within a protein or a protein complex to
derive three-dimensional structure information. As the cross-
linker possesses a defined length, it acts as a kind of
“molecular ruler” by connecting functional groups of amino
acid side chains, which are then identified by MS and MS/MS
analysis. Usually, chemical cross-linking studies are per-
formed in a “bottom-up” fashion, involving an enzymatic
digestion of the covalently connected proteins followed by
LC/ESI-MS/MS (liquid chromatography—electrospray ioniza-
tion tandem mass spectrometry) analysis. The positions of the
cross-linked amino acids, together with the cross-linker
length, yield distance constraints that allow one to deduce
3D structural information about the proteins under investiga-
tion, i.e., by computational modeling with Rosetta [10, 11].
The most commonly used cross-linking principles are N-
hydroxysuccinimide (NHS) esters that react preferentially
with lysine residues. However, there are also some disadvan-
tages associated with targeting lysine residues: The lysine side
chains are highly flexible; therefore the structural information
gained from these experiments is “soft”, i.e., cross-linkers
possessing spacer lengths of ca. 8 A might bridge Ca—Cox
distances of up to ca. 27 A. Also, hydrophobic protein regions
lacking lysines are not susceptible to the cross-linking reaction.

In general, proteolytic digests of proteins cross-linked with
NHS esters will contain, besides many unmodified peptides,
three types of cross-linker-modified peptides: Cross-links
within the same peptide (intrapeptide, type 1 or “loop-link™)
or between different peptides (interpeptide, type 2), and
peptides modified by a partially hydrolyzed cross-linker (type
0 or “dead-end” cross-link or “mono-link”). Although a
systematic nomenclature has been proposed for the different
cross-linked products [12], it has not received a widespread
acceptance yet.

The increasing importance of the cross-linking/MS ap-
proach for 3D structural studies of protein conformation and
protein—protein interactions is mainly attributed to the inher-
ent strengths of MS as a sensitive and rapid method for protein
analysis. Also, the protein’s conformation and flexibility are
accurately reflected as the cross-linking reaction can be exe-
cuted at physiological pH. The reaction times of cross-linkers
range from micro- or milliseconds (for photo-reactive
diazirines or benzophenones) to seconds (for amine-reactive
NHS esters). Moreover, membrane proteins, post-
translationally modified proteins, and splice variants can be
studied and transient interactions can be captured. The large
number of cross-linking reagents with different specificities
covering a range of spacer lengths (“zero-length” up to
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20 A) allows one to adapt the reaction conditions to the re-
spective protein system under investigation.

In the past 5 years, the number of reviews on the cross-
linking/MS approach has massively increased, reflecting the
rising popularity of the technique for in vitro protein confor-
mational studies as well as for in vivo protein network analy-
ses. As these reports, e.g., [13—19], highlight the latest ad-
vances in chemical cross-linking/MS quite comprehensively,
I will focus in my contribution on the design and application
of selected cleavable—particularly MS-cleavable cross-
linkers. Usually, the covalent connection of tryptic peptides
via cross-linking results in large precursor ions (m/z > 1500),
which resist an efficient fragment ion formation in tandem MS
experiments. To overcome this limitation, an MS-cleavable
cross-linker should preferably exhibit a labile covalent bond,
guaranteeing a favored fragmentation over the peptide back-
bone during collisional activation. This makes MS-cleavable
cross-linkers especially useful for conducting data-dependent
analyses of cross-linked products based on the fragment ion
signatures in collision-induced dissociation (CID) experi-
ments. MS-cleavable cross-linkers are just about to reveal their
full potential for designing fully automated workflows and
their availability will most likely advance the cross-linking/
MS approach to become more and more a routine technique
for structural proteomics and protein interaction analyses.

Cross-linkers cleavable by reduction

One of the first examples that employed chemical cross-
linking in conjunction with MS was presented in 2000 where
the authors used the cross-linker 3,3'-dithio-
bis(sulfosuccinimidyl propionate) (DTSSP; Table 1) that is
cleavable by reduction for mapping protein interfaces [20].
When employing such a cross-linker, the protein binding part-
ners are covalently connected, separated by non-reducing
SDS-PAGE, and the protein complex is enzymatically
digested. Aftwards, comparative MS peptide mapping is per-
formed under reducing and non-reducing conditions (Fig. 1).
Peptide maps obtained prior to and after reduction, i.e., cleav-
age of the cross-linker, are compared and signals that disap-
pear after reduction of the linker are assigned as putative
cross-linked peptides. The presence of a specific cross-link
is confirmed if one or both halves of the cross-linked peptides
are observed in the peptide map after reduction of the cross-
linker. This approach impresses by its simplicity as it can also
be conducted on low-resolution mass spectrometers.

A heterobifunctional amine-/photo-reactive cross-linker is
succinimidyl 2-([4,4'-azipentanamido]ethyl)-1,3’-
dithiopropionate (SDAD). While for most structural proteomics
applications homobifunctional amine-reactive cross-linkers are
applied, heterobifunctional amine-/photo-reactive linkers
exhibit distinct advantages. As such, the bait protein can be
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Table 1  Cross-linkers cleavable by reduction

Cross Structure Literature

linker reference
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The cross-linkers shown are homobifunctional amine-reactive (DTSSP and BAMG) or heterobifunctional amine-/photo-reactive (SDAD). The intro-
duction of a sulfonic acid group at the NHS moiety guarantees water solubility. The specific fragmentation mechanism of the BAMG linker (after

reduction of the azide moiety) is described in detail in the text; cleavage sites are indicated. After reduction of the azide, BAMG is an MS-cleavable cross-
linker

activated by reaction with the amine-reactive site of the cross- ~ SDAD has been successfully applied to study protein—protein
linker (the NHS ester) before potential interaction partners are  interactions of E. coli formate dehydrogenases [21].

added, and the formation of a covalent bond is induced by UV A peculiar cross-linker is bis(succinimidyl)-3-azidomethyl
irradiation via the photo-reactive site of the linker (the diazirine). ~ glutarate (BAMG) that, upon reduction at its azide group,

Fig. 1 Analytical strategy for ‘C) non-covalently associated complex

chemical cross-linking with
reductive cleavable reagents. The
strategy is exemplified for the
thiol-cleavable cross-linker
DTSSP and differential peptide

mapping. Figure adapted from ‘ ) cross-linked complex
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exhibits CID cleavability (Table 1) [22]. After reaction of
proteins with BAMG and proteolytic digestion, two compet-
ing pathways will proceed in the presence of a reducing agent:
(1) The azide in the spacer of BAMG is reduced to an amine
without cleavage of the cross-link, and (ii) the amide bonds
between amino acid and linker that have been formed during
the cross-linking reaction are cleaved by CID. One of the
features of the BAMG linker is that cross-linked peptides
can be efficiently separated from the bulk of unmodified pep-
tides by reversed-phase diagonal chromatography as their re-
tention times are quite different. This analytical strategy has
been coined “identification of cleavable cross-links by diago-
nal chromatography”. BAMG has been described for identi-
fying cross-links in HeLa cell lysates [23]; however, as a result
of the existence of two competing pathways, a more general
application of BAMG for mapping protein interaction net-
works in complex systems seems to be a daunting task.

MS-cleavable cross-linkers creating characteristic
fragment ion signatures

More promising than cross-linkers cleavable by reduction are
gas-phase cleavable cross-linkers, regarding their potential for
fully automated analyses. These cross-linkers contain one or
more labile bonds in the spacer, and, as such, are cleaved in
the gas phase in tandem MS (MS/MS) experiments. Most of
these linkers are cleaved using CID conditions, while only a
few examples exist for reagents with IRMPD (infrared multi-
photon dissociation) [24], ETD (electron transfer dissociation)
[25], or radical-driven [26] cleavability. The examples pre-
sented in this contribution will be restricted to CID-cleavable
cross-linkers.

One of the first reports on a cross-linker releasing a specific
reporter ion upon CID to facilitate the identification of cross-
linked products was published as early as 2001 [27]. Here, the
authors described the design and characterization of the
homobifunctional amine-reactive cross-linker N-
benzyliminodiacetoyloxy succinimide (BID) that yields a
benzyl cation at m/z 91 as characteristic marker ion in CID-
MS/MS experiments (Table 2).

Several years later, two cross-linkers were designed containing
labile aspartyl-prolyl bonds, such as disuccinimidylsuccinamyl
aspartyl proline (SuDP; Table 2). The novel feature of
incorporating an Asp—Pro bond near the center of the
linker region provides a specific gas-phase cleavage site
[28, 29]. The Asp—Pro bond is known to preferentially
fragment during CID and requires less energy to effective-
ly achieve fragmentation compared to other peptide bonds
[30]. This decreased peptide bond stability is mediated by
the transfer of a labile proton from the aspartic acid side
chain to the basic backbone amine of the neigboring pro-
line residue. Therefore, an Asp—Pro moiety incorporated
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into the spacer region of a cross-linking reagent allows a
single-site fragmentation to produce two unique peptides,
each modified with a portion of the fragmented cross-link-
er. In the initial report, the dissociation of cross-linked
complexes was performed in the source region of the
mass spectrometer (in-source CID), followed by MS/MS
experiments to identify the connected peptides on the ba-
sis of the created b- and y-type ions [28]. To improve the
method, the cross-linker’s selective Asp—Pro bond disso-
ciation was employed for an effective cleavage of cross-
linked complexes by CID-MS/MS in an ion trap mass
spectrometer with subsequent fragmentation of the indi-
vidual peptides by MS* [29].

Inspired by these Asp—Pro-containing cross-linkers, a
cross-linker was designed that is based on Edman degradation
chemistry (Table 2). This so-called Edman linker harbors a
thiourea moiety with a highly nucleophilic sulfur atom
allowing attack at the adjacent Gly—Pro amide carbonyl, initi-
ating the cleavage of the linker molecule [31]. The linker is
efficiently cleaved in the low (5-100 eV) as well as in the high
energy regime (keV) of CID experiments. On the basis of the
Edman linker’s structure, the thiourea-based concept of a dis-
sociative cross-linker was extended to create a simplified an-
alogue [32]. Finally, the synthesis efforts resulted in a urea-
based symmetric linker (BuUrBu or disuccinimidyl dibutyric
urea (alternatively DSBU); Table 2) that exhibits exquisite
properties for automated data analysis as different cross-link
types, i.e., intra- and interpeptide and “dead-end” products,
can be discriminated [33]. The BuUrBu cross-linker creates
characteristic fragment ion patterns attributed to the mass in-
creases of 85 u (Bu) or 111 u (BuUr) at the cross-linked pep-
tides in CID-MS/MS experiments (Fig. 2). As such, an
interpeptide cross-link will show two 26-u doublets as cleav-
age occurs at either of the two NH — C = O bonds in the central
urea moiety. Therefore, both peptides will be modified with
Bu and BuUr fragments of the linker in MS/MS spectra,
resulting in two doublet signals in MS/MS. The charac-
teristic fragment ion patterns of the BuUrBu linker sim-
plify the identification of cross-linked species from com-
plex mixtures and greatly reduce the potential of identify-
ing false-positive cross-links. BuUrBu has been success-
fully employed to study the structure of the intrinsically
disordered tetrameric tumor suppressor p53 that has so far
not been amenable to a structural characterization in its
full-length form [34].

Another class of MS-cleavable cross-linkers is based on the
presence of a fixed charge sulfonium ion in the spacer chain of
the linker [35]. Initial studies demonstrated that peptide ions
containing fixed-charge sulfonium ions in the side chains of
certain amino acid residues, e.g., methionine and cysteine,
show an exclusive loss of a dialkylsulfide moiety via selective
cleavage at the site of the fixed charge. On the basis of
these studies, an amine-reactive cross-linker (S-methyl
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Table 2 MS-cleavable cross-linkers creating characteristic fragment ion signatures
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The cross-linkers presented contain labile bonds that are CID-cleavable; cleavage sites are indicated. All cross-linkers shown are amine-reactive NHS

esters

5,5'-thiodipentanoylhydroxysuccinimide; Table 2) was
designed, in which a sulfonium ion is incorporated into
the spacer arm.

A structurally related cross-linker is disuccinimidyl sulfox-
ide (DSSO) that contains a central sulfoxide moiety [36,
Table 2]. Similar to BuUrBu, DSSO-cross-linked peptides
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Fig. 2 Proposed fragmentation scheme of BuUrBu-cross-linked
peptides. a Chemical structure of BuUrBu and theoretical fragmentation
pathway after cleavage under collision-induced dissociation conditions
(CID- and HCD-MS/MS). Bu and BuUr specific fragments of the
cross-linker, P; peptide 1, P, peptide 2. b Doublet patterns (Am ~26 u)
of reporter ions in the fragment ion mass spectra indicate the presence of a
cross-link; a “dead-end” cross-link will give one doublet, while two
doublets are indicative of an interpeptide cross-link

can be discrimininated on the basis of their distinct fragmen-
tation patterns in MS/MS spectra that are unique for different
cross-linking types and allow one to conduct automated data
analyses. During CID analysis of an interpeptide cross-link,
cleavage of one C—S bond next to the sulfoxide will give a pair
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of peptide fragments, in which one peptide fragment is an
alkene (+54 u) and one peptide fragment is modified with a
sulfenic acid (+104 u) losing a water molecule (+86 u; Fig. 3).
In the case of an intermolecular, i.e. type 2 cross-link, two
doublets will be observed owing to the cleavage of either of
the two symmetric C—S bonds, resulting in four individual
peaks in the MS/MS spectrum. In that respect, the DSSO
linker creates similar fragmentation patterns to the BuUrBu
linker. The efficacy of DSSO was impressively demonstrated
for the structural characterization of the yeast 20S proteasome
complex [37], the characterization of a CRISPR-CAS com-
plex [36], and for identifying cross-links from HeLa cell ly-
sates, including the ribosome, the proteasome, the TCP-1 ring
complex, and the eukaryotic elongation factor 1 complex [38].

Trifunctional cross-linkers creating reporter ions

The bifunctional cross-linking strategy can be extended to-
wards trifunctional linkers that in addition to two NHS esters
contain a biotin label, such as in CBDPS [39] or PIR [40]
(Table 3). The third function can then be used for a selective
enrichment of cross-linked products by affinity purification
[41]. Trifunctional cross-linkers are mainly used to decipher
protein interaction networks and they have been successfully
employed for studying protein assemblies in vivo. To avoid
disturbing the protein interfaces by a bulky biotin moiety, an
azide group can be incorporated into the cross-linker, allowing
the coupling of a biotin group by click chemistry for subse-
quent affinity enrichment after the cross-linking reaction.
Azide-A-DSBSO incorporates this principle of a clickable
third function and is analoguous in its fragmentation behavior
to DSSO where cleavage occurs at the sulfoxide group
(Table 3) [42]. Conclusively, this subclass of trifunctional
cross-linkers combines two distinct advantages: (i) selective
MS/MS cleavage creating characteristic marker ions; (ii) en-
richment of cross-linked peptides by affinity purification.

One class of cleavable trifunctional cross-linkers that have
been introduced in 2005 are protein interaction reporters (PIR;
Table 3) [40]. Since then, the development of several different
PIR molecules has been reported using a variety of activation
methods to enable peptide release, design of bioinformatics
strategies, and in vivo applications [43, 44]. The size of the
PIR and its spacer length (43 A) are quite large, but apparently
PIR cross-linkers can bridge much shorter distances owing to
their high flexibility [45].

Just recently, a remarkable strategy has been presented that
relies on the use of so-called Leiker linkers (Fig. 4) [46]. As
with other trifunctional reagents, this cross-linker class con-
tains a biotin tag for affinity purification of cross-linked pep-
tides. It also harbors a cleavage site to release cross-linked
peptides after enrichment on streptavidin beads. Chemical
cleavage of the Leiker linker at the N =N bond releases the



Cleavable cross-linkers to study protein structure/interactions 39
0 QD labile o)
r,-/ yO .o
occ cHcy 0 = o SR o
Dmme (o] (o) (o]
3,3"thiodipropionic acid Disuccinimidyl Sulfoxide (DSSO)
o) O
|
f\/\ /\J\ I K—~HJ\/CH2 + HO\S/\)l\NH-Fl( a, ag Ba B
~NH s NH-K  MS/MS | G P 1
R Lo 1]
\
a-p J(—-NH OH 4 Hzc\%m« K
Type 2 (Inter-fink) | a I m/z
C
k/\ /\A | 0 i @ a
MS/MS
i —lp J(—NH i K_NHJK/\s’OH —
Con l a, | ag
Type 0 (Dead-end) v m/z
d
[ o o 0 0o h
a *
K—-NHJ\/\S/\/kNH Kk MS/Ms PI(—NHJK""CH"’ HO\S/\/kNH_’]( Ass
I $ | = | '
Sinra a
Type 1 (Intra-link) e ’ m/z
¢ % 0 F Mias) = Mia) + MiB) = Miay) + M8, eq. 1
| OH | J\/\ M(a-B) = M(a,) + M(B,) + H,0 = M(a,) + M(B,) + H,0 eq.2
T—NH s~ 1 > T—NH SH M(ag,,) = M(a,) + 122 = M(a,) + 72 = M(a,) + 90 eq.3
M(a,..) = M(a,.) = M(a,,,) + H,0 eq.4
o or By H,0 Syory Mia,) - Mia,) = 32 eq.5

Fig. 3 Proposed fragmentation scheme of DSSO-cross-linked peptides.
a DSSO synthesis and structure. MS/MS fragmentation patterns of the
three types of DSSO-cross-linked peptides: b interpeptide, ¢ “dead-end”,
and d intrapeptide cross-link. e Conversion of a sulfenic acid-modified

biotin group so it does not interfere with subsequent LC/MS/
MS analysis. The innovative aspect is that chemical cleavage
yields at the same time an aromatic amine, giving rise to spe-
cific reporter ions during tandem MS measurements. As such,
intra- and interpeptide as well as “dead-end” cross-links yield
a reporter ion of m/z 122.06 in higher-energy collision-in-
duced dissociation (HCD) spectra (Fig. 4d). For quantitative
cross-link analysis, an isotope-labeled version of the Leiker
linker was synthesized, in which six hydrogen atoms in the
spacer arm are replaced with deuterium.

Strategies for automated data analysis
As outlined above, MS-cleavable cross-linkers allow an auto-

mated assignment of cross-links based on characteristic reporter
ions. In general, one of the greatest challenges for an MS

fragment to an unsaturated thiol-modified fragment after water loss. f
Mass relationships between MS/MS fragment ions shown in b—d and
their precursor ions. DCC N,N'-dicyclohexylcarbodiimide, MCPBA m-
chloroperbenzoic acid. Figure reprinted from [36]

analysis of cross-linked products consists in their often poor
fragmentation. When MS-cleavable cross-linkers are
employed, the characteristic reporter ion patterns created from
interpeptide cross-links serve as a basis for unambiguous as-
signment. Also, an exhaustive backbone fragmentation of the
connected peptides is crucial for an unambiguous assignment of
cross-linked products. To achieve this goal, two-step collisional
activation is usually performed meaning that the cleavable
cross-linker is first cleaved at its labile bond(s) resulting in the
characteristic fragment ion patterns indicative of a cross-link.
Then, MS? experiments can be performed on the selected cross-
linker reporter ions yielding backbone fragmentation of the
connected peptides. Alternatively, consecutive CID and ETD
experiments can be performed with the benefit of combining
information from two complementary fragmentation principles.
As such, the resulting fragment ion spectra will include high-
intensity signals of the characteristic cross-linker fragments as

@ Springer



40 A. Sinz
Table 3  Trifunctional cleavable cross-linkers creating reporter ions
Cross | Structure Literature
linker reference
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CBDPS is a trifunctional linker with an additional biotin moiety for affinity purification of cross-linked products. Azide-A-DSBSO contains an

additional azide group for click chemistry, an MS-cleavable sulfoxide and an acid cleavable acetal
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Fig. 4 Scheme of cross-linking/MS workflow using the trifunctional
cleavable Leiker reagent. a The Leiker linker contains a biotin moiety
(magenta), a cleavage site (arrows), and six hydrogen atoms that are
accessible to isotope labeling (asterisks). b The workflow for
purification of Leiker-linked peptides. ¢ Three types of Leiker-linked

well as backbone coverage of the cross-linked peptides (c- and
z-type ions produced by ETD, supported by b- and y-type ions
produced by CID). That workflow was recently proposed for
the identification of cross-links from protein complexes in hu-
man cellular lysates [38].

peptides. d Cross-linked peptides generate a reporter ion of m/z 122.06
in HCD, as shown in the spectrum of an inter-linked peptide
NYQEAKDAFLGSFLYEYSR-LAKEYEATLEECCAK (+4 charged,
M + H* 4433.0553), in which C denotes carbamidomethylated cysteine.
Figure reprinted from [46]

Two software solutions, MeroX [47] and XLinkX [38], are
currently available for an automated data analysis based on the
characteristic fragment ion signatures created by MS-
cleavable linkers. MeroX scans MS/MS spectra for two
matching doublet signals indicative of an interpeptide cross-
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link if, for example, the cleavable linkers DSSO or BuUrBu
are used (Figs. 2, 3, and 5). In the newly developed RISE
(reporter ion scan event) mode, MeroX calculates the masses
of the two cross-linked peptides from the matching doublets
and compares the peptide masses to in silico digested proteins
to identify a cross-link candidate. The quality of MS/MS sig-
nal assignment (presence of two doublets and signals originat-
ing from fragmentation of the peptide backbone) determines
the score [34]. XlinkX is quite similar as it retrieves the pre-
cursor mass of each linked peptide based on the characteristic
fragmentation pattern created by the MS-cleavable cross-link-
er. Then, spectra that contain at least one doublet signature are
considered as potential cross-link, and every cross-link pair is
subjected to further peptide sequence analysis. XlinkX
matches fragment ions for each MS/MS spectrum on the basis
of the determined masses of the two cross-linked peptides and
all fragment ions generated from the precursor ion [38].
BuUrBu is different from DSSO as the energy required for
cleaving the cross-linker is higher for the central urea moiety in

Fig. 5 Workflow for automated a
data analysis using the BuUrBu
linker. a Structure of an
interpeptide cross-link with
BuUrBu. b Cross-links are
screened at the MS level,
precursor ions are selected and ¢
in MS/MS spectra, the two
characteristic 26-u doublets
indicate an interpeptide
cross-link. On the basis of the
masses of the doublet signals, the
mass of the cross-linked product

is calculated with MeroX (RISE b
mode) [34]. Backbone fragments

in the MS/MS spectrum allow one

to sequence the connected

peptides and locate the exact

cross-linking sites

a-peptide

Intensity

}”MNYN\/\/&N

BuUrBu compared to the sulfoxide group in DSSO (compare
Figs. 2 and 3). Therefore, DSSO shows predominately cross-
linker fragments and almost no backbone fragments in MS/MS
spectra, requiring MS® or sequential CID/ETD experiments to
delineate the amino acid sequences of the connected peptides. If
the BuUrBu-linker is employed, the characteristic doublets of
the cross-linker as well as exhaustive backbone fragments of
the connected peptides are already observed in one single col-
lisional activation step, i.e., at the MS/MS level (Fig. 5). This
eliminates the need for conducting MS® experiments, which are
often of poor quality when low-intensity MS/MS precursors are
fragmented. An in-depth comparison of both software packages
revealed that XlinkX is optimized for the fragmentation char-
acteristics of DSSO, while MeroX performs better for BuUrBu
[34]. XLinkX is reported to handle proteome-wide datasets,
while MeroX reliably calculates cross-links from samples con-
taining up to ca. 5000 proteins [34, 38]. On the other hand,
MeroX is more versatile than XLinkX regarding the choice of
cross-linkers, proteases, and reaction sites.
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O
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MS
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Cross-link identification
=)
MS/Ms BuUrBu fragments
Peptide backbone fragments
Peptide
identification
l_‘_\
| L ‘ \ HENN »

@ Springer



Cleavable cross-linkers to study protein structure/interactions

43

Summary and outlook

Currently, MS-cleavable cross-linkers seem to be the most
promising strategy for an automated analysis to derive three-
dimensional structural information of proteins and to map
protein—protein interactions in complex systems. The latter
application will become more and more important as powerful
methods are needed to study protein networks within the cell,
yielding insights into a protein’s function in the natural cellu-
lar environment. Just recently, software solutions have be-
come available that make use of the full potential of MS-
cleavable cross-linkers based on the characteristic signatures
created by a selective fragmentation of the linker in the gas
phase. The incorporation of reactive groups other than NHS
esters can be envisioned, such as photo-, sulthydryl-, or
carboxyl-reactive groups that will allow amino acids other
than lysines to be targeted. One very recent example of an
alternative cross-linking chemistry is the DSSO-based,
carboxyl-reactive sulfoxide-containing MS-cleavable
homobifunctional cross-linker dihydrazide sulfoxide [48].
Also, isotope-labeled, i.e., deuterated, MS-cleavable cross-
linkers will by beneficial for a targeted selection of cross-
linked products at the MS level. We envision that the number
of available MS-cleavable cross-linkers will increase within
the next few years and extend the arsenal of available reagents
for conducting cross-linking experiments at the proteome
level.
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