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Abstract. Cleavable cross-linkers are gaining in-
creasing importance for chemical cross-linking/
mass spectrometry (MS) as they permit a reliable
and automated data analysis in structural studies
of proteins and protein assemblies. Here, we in-
troduce 1,3-diallylurea (DAU) as the first CID-MS/
MS-cleavable, photo-thiol-reactive cross-linker.
DAU is a commercially available, inexpensive
reagent that efficiently undergoes an anti-
Markovnikov hydrothiolation with cysteine resi-

dues in the presence of a radical initiator upon UV-A irradiation. Radical cysteine cross-linking proceeds via an
orthogonal Bclick reaction^ and yields stable alkyl sulfide products. DAU reacts at physiological pH and cross-
linking reactions with peptides, and proteins can be performed at temperatures as low as 4 °C. The central urea
bond is efficiently cleaved upon collisional activation during tandem MS experiments generating characteristic
product ions. This improves the reliability of automated cross-link identification. Different radical initiators have
been screened for the cross-linking reaction of DAU using the thiol-containing compounds cysteine and gluta-
thione. Our concept has also been exemplified for the biologically relevant proteins bMunc13-2 and retinal
guanylyl cyclase-activating protein-2.
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Introduction

Chemical cross-linking in combination with mass spec-
trometry (MS) has evolved as a powerful method to

elucidate the three-dimensional structures of proteins and pro-
tein complexes [1–4]. Protein cross-linkers with two reactive
groups, separated by a spacer with a defined length, can con-
nect functional groups of amino acid side chains. As such, the
cross-linkers serve as Bmolecular rulers^ that impose geomet-
rical constraints and serve as basis for a subsequent computa-
tional modeling of 3D structures of proteins and their assem-
blies [5–11]. A wide variety of reagents and application proto-
cols has been developed for targeting different amino acid
residues in proteins in vitro as well as in vivo [12–15]. The
length of the cross-linker can be adapted to a specific protein
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system. Diazirine-containing amino acids, such as 2-amino-
5,5-azihexanoic acid (Bphoto-methionine^) [16, 17] and 2-
amino-3-(3-(2-aminoethyl)-2H-diazirin-3-yl)propanoic acid
(Bphoto-lysine^) [18] can be incorporated into proteins. More-
over, various genetically encoded, unnatural amino acids can
be site-specifically incorporated into proteins [19–22]. The
advantage of modifying proteins with cross-linkable, unnatural
amino acids consists in the chance to conduct the photo-cross-
linking reaction after UV-irradiation directly in the cell. An
additional strength of the diazirine-containing amino acid
photo-methionine is its short distance. Another class of cross-
linkers that are able to connect amino acid residues in close
proximity to each other are so-called zero-length cross-linkers,
such as carbodiimides [23], 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium chloride (DMTMM) [24, 25], and
1,1′-carbonyldiimidazole (CDI) [26]. Short-distance con-
straints provide highly valuable geometrical information as
input for computational modeling studies of the protein(s)
under investigation [27]. On the other hand, longer cross-
linkers connecting amino acids that are spatially apart from
each other have proven useful for mapping large protein as-
semblies [28–30].

The vast majority of cross-linking/MS studies are conducted
in a Bbottom-up^ approach, involving the enzymatic digestion
of the connected protein(s), followed by LC/MS/MS analysis
of the proteolytic peptides. These proteolytic peptide mixtures
have a higher degree of complexity compared to those in
conventional proteomics experiments, which is attributed to
the presence of various types of cross-linked peptides [31].
LC/MS/MS analysis alone may not be sufficient for an unam-
biguous identification of cross-linked peptides as a complete
sequencing of both cross-linked peptides cannot be achieved in
all cases [32–34]. Therefore, different strategies have been
developed to improve the unambiguous identification of
cross-linked products [35–39].

Currently, one of the most promising cross-linking ap-
proaches seems to rely on cross-linkers that are cleaved under
tandemMS conditions [26, 40–46]. The gas phase chemistry of
such reagents can be fine-tuned by introducing specific, CID-
MS/MS-labile moieties in the spacer of the cross-linker, such as
urea [26, 44], sulfoxide [43], aspartic acid-proline [40, 45, 46],
and azo [47] groups. As such, these cross-linkers generate
characteristic, diagnostic product ions during CID-MS/MS
analysis. The presence of these diagnostic product ions reduces
the search space of cross-links from n2 to 2n [42]. CID-MS/
MS-cleavable cross-linkers will therefore drastically reduce the
number of false-positive cross-link identifications compared to
non-cleavable reagents. We have recently shown that diazirine-
based photo-cross-linkers also generate CID-MS/MS-cleav-
able cross-links [48]. This will pave the way towards a fully
automated data analysis of cross-linked products, which allows
conducting proteome-wide cross-linking studies [42, 49–51].

The sulfhydryl group of cysteine residues is an important
target for protein conjugation, labeling, and cross-linking [52].
One major aspect of targeting cysteine side chains is that the
respective cysteines should not be involved in disulfide bond

formation as the reduction of disulfides might distort the pro-
tein’s 3D structure. Thiol groups are among the most reactive
nucleophilic groups in biological macromolecules and can be
targeted more selectively than primary amines [53]. In case a
protein contains only a few or no cysteine residues at all, the
number of sulfhydryl group might be increased by modifying
lysine residues with, e.g., 2-iminothiolane (Traut’s reagent)
[54].

Thiol-reactive groups can undergo nucleophilic substitution
reactions under aqueous conditions. These include haloacetyls,
alkyl halides, and aziridines as well as Michael acceptors, such
as maleimides, acryloyls, and vinylsulfones [52]. Moreover,
pyridyl disulfides, 5-thio-2-nitrobenzoic acid (TNB), and
disulfide-reducing agents can be employed for a reversible
functionalization of sulfhydryl groups [52].

Bioconjugation strategies based on the ability of thiols to
participate in radical reactions have been mainly applied in the
preparation of biomaterials [55–57]. These reactions can be
directly initiated by UV light or by combining a radical initiator
with heat or UV irradiation, and they proceed via an orthogonal
and Bclick fashion^ [58]. In particular, the radical-based thiol-
ene Bclick reaction^ is widely employed in polymer and mate-
rial sciences but has also been successfully applied to
bioconjugation [52, 59]. Under radical conditions, the sulfhy-
dryl group reacts regioselectively with alkenes to form an anti-
Markovnikov addition product (alkyl sulfide or thioether). The
regioselectivity is more pronounced for non-activated alkenes
that do not undergo a competing Michael addition.

The general mechanism (Scheme 1) involves the formation
of a thiyl radical that adds to a C=C bond to generate a carbon-
centered radical [58]. The latter is responsible for the radical
transfer step by abstracting a hydrogen atom from another
sulfhydryl group, thus regenerating the thiyl radical.

Inspired by the potential of radical-based thiol-ene photo
click reaction, we investigated 1,3-diallylurea (DAU) as pho-
tochemical and MS-cleavable cross-linker for a covalent con-
nection of cysteine residues in proteins. DAU is commercially
available and inexpensive (~ 20 €/g). Alternatively, we present
a one-step synthesis yielding DAU without additional purifi-
cation steps (details of DAU synthesis and characterization are
presented in the Supporting Information). The anti-
Markovnikov regioselectivity of the thiol-ene reaction dictates
the formation of two alkyl sulfide bonds at the sp2-hybridized
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Scheme 1. General mechanism of the thiol-ene photo Bclick
reaction^



carbons of DAU. Thus, the spacer length of DAU is estimated
between 9 and 10 Å. The spacer of DAU contains a urea group
enabling the cleavability of cross-linked products upon colli-
sional activation [44]. As such, we expected DAU cross-links
to proceed along the well-studied fragmentation pathway of the
urea-based DSBU [41, 44] and CDI [26] cross-linkers. As for
the latter two CID-MS/MS-cleavable cross-linkers, the two
characteristic 26-u doublets should be visible in the fragment
ion mass spectra of DAU cross-linked products. This allows
distinguishing between different cross-link types, namely intra-
and interpeptide cross-links and Bdead-end^ products [31]. In
the case of DAU, the diagnostic fragment ions of the cross-
linker possess a mass modification of 57 u (amine) and 83 u
(isocyanate), respectively (Scheme 2).

In this work, we first tested three radical initiators for DAU-
based cross-linking using the thiol-containing compounds cys-
teine and glutathione. We then applied our concept to two
protein systems: (i) bMunc13-2 that plays an important role
in synaptic vesicle priming [60] and (ii) retinal guanylyl
cyclase-activating protein-2 that is relevant for photo-signal
transduction [61].

Experimental
Chemicals and Peptides

All chemicals and solvents were used without further purifica-
tion (Acros Organics, Aldrich, Fluka, Merck).

Cross-linker Synthesis

One-step synthesis of DAU is described in the Supplementary
Material.

Protein Expression and Purification

Rat bMunc13-2 domain, comprising amino acids 367–780,
was expressed in Escherichia coli cells (BL21(DE3)c+RIL)
using a pGEX-4T-1 plasmid. The glutathione-S-transferase
(GST)-tagged bMunc13-2(aa 367–780) domain was purified
from E. coli cell lysates by GST affinity chromatography (2 ×
1 ml GSTrapFF column) and strong anion exchange chroma-
tography (1ml HiTrap QHP column). Cleavage of the GST tag
was performed with thrombin (0.08 mg/ml protein solution)
overnight at 6 °C. The protein was stored at − 20 °C in 20 mM
HEPES, 300mMNaCl, 0.5 mMTCEP, 10% glycerol (pH 7.2).
Bovine GCAP-2 was expressed in E. coli with N-terminal
myristoylation and purified as described previously [62].

Cross-linking Experiments

1. Photo-Cross-linking of Cysteine and GSH. One microliter
of a DMSO solution containing DAU (25 mM) and a photo-
radical-initiator (2.5 mM), namely benzophenone (BP), 2,2-
dimethoxy-2-phenylacetophenone (DMPA), or 2,2′-

azobis(2-methylpropionamidine) dihydrochloride (AAPH),
was added to 49 μL of an aqueous solution containing
cysteine or GSH (1.1 mM) and HEPES (20 mM, pH 7.5).
The resulting reaction mixture was kept on ice, placed in a
home-built UV-irradiation device [63], and exposed to UV-
A irradiation (8000 mJ/cm2; corresponding to an irradiation
time of ca. 20 min). The photo-reaction was quenched by
adding dithiothreitol (DTT) to a final concentration of
5 mM. The solution was desalted using C18-ZipTips
(Millipore, Billerica, MA, USA) and analyzed by offline
nano-ESI-MS/MS.

2. Photo-cross-linking of bMunc13-2 and GCAP-2. The pro-
tein stock solution was diluted to give a final concentration
of 10 μM protein (bMunc13-2 in 20 mM HEPES, 0.5 mM
TCEP, 7.5% (v/v) glycerol, 1 mM CaCl2, 230 mM NaCl,
pH 7.2; GCAP-2 in 20 mM HEPES, 1 mM CaCl2, pH 7.5).
A freshly prepared stock solution of DAU and BP in DMSO
was added to the protein solution at 4 °C to give final
concentrations of 1 mM DAU and 200 μM BP. The
photo-reaction and quenching were conducted in the same
fashion as described for cysteine and GSH. Afterwards, the
protein solution was subjected to reduction and alkylation.
In-solution digestion was performed according to an
existing protocol [64, 65] using a trypsin/GluC mixture.
The resulting peptide mixture was directly analyzed by
HPLC/nano-ESI-MS/MS.

Offline Nano-ESI-MS/MS

Samples (4 μl) were filled into fire-polished borosilicate glass
capillaries with filament (4″, 1.2 mm/0.68 mm OD/ID, World
Precision Instruments) that were in-house pulled (Model
P-1000, Flaming/Brown Micropipette Puller, Sutter Instru-
ments) and gold-coated. MS and MS/MS analyses were per-
formed on anOrbitrap Fusion Tribrid mass spectrometer (Ther-
mo Fisher Scientific) equipped with a Nanospray Flex ion
source (Thermo Fisher Scientific). High-resolution full scans
(R = 120,000 at m/z 200) were recorded in the m/z range 50–
1000. Fragmentation was performed by higher-energy colli-
sion-induced dissociation (HCD) at 20% normalized collision
energy (NCE) using an isolation window of 2 Th. High-
resolution HCD product ion scans were conducted at R =
60,000 at m/z 200 with the maximum accumulation time set
to 200 ms.

Nano-HPLC/Nano-ESI-Orbitrap-MS/MS

Peptide mixtures were analyzed by LC/MS/MS on an UltiMate
3000 RSLC nano-HPLC system (Thermo Fisher Scientific)
coupled to an Orbitrap Fusion Tribrid (Thermo Fisher Scien-
tific) (for bMunc13-2) or an Orbitrap Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific) (for GCAP-2), both
equipped with Nanospray Flex ion source (Thermo Fisher
Scientific). Fragmentation was performed by HCD (30 ± 3%
NCE); data were acquired in data-dependent MS/MS mode.
Each high-resolution full scan (R = 120,000 (Fusion) or R =
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140,000 (Q-Exactive) at m/z 200) in the Orbitrap was followed
by high-resolution HCD product ion scans (R = 15,000
(Fusion) or R = 17,500 (Q-Exactive) at m/z 200) within 5 s,
starting with the most intense signal in the mass spectrum
(isolation window of 2 Th). The target value was set to
50,000 (Fusion) or 200,000 (Q-Exactive) with maximum ac-
cumulation times of 200 ms (Fusion) or 250 ms (Q-Exactive).
Dynamic exclusion (exclusion duration 60s) was enabled.

Identification of Cross-Linked Products

Cross-linked products of bMunc13-2 and GCAP-2 were auto-
matically annotated with MeroX [65] and manually validated.
Mass deviations of 3 and 10 ppm were applied for precursor
and product ions. A 1% FDR cut-off and a signal-to-noise ratio
of ≥ 2 were applied. Cysteines were considered as potential
cross-linking sites for DAU. Oxidation of Met and carbamido-
methylation of cysteines were set as variable modifications.
Three missed cleavage sites were considered for each amino
acid [Lys and Arg (for trypsin), Glu and Asp (for GluC)]. The
representation of cross-links in bMunc13-2 was performed
with the Circos software [66]. The amino acid sequences of
bMunc13-2 and GCAP-2 as well as mgf files and MeroX
settings files are provided in the Supplementary Material.

Results and Discussion
Cysteine and GSH Cross-linking

To optimize the thiol-ene click reaction conditions, DAU was
initially evaluated for the amino acid cysteine and GSH as
simple, thiol-containing compounds. GSH is a tripeptide (γ-
Glu-Cys-Gly) with a γ-peptide linkage between the carboxyl
group of the glutamate side chain and the α-amino group of
cysteine. Photo-cross-linking reactions were performed in

20 mM HEPES buffer at pH 7.5 on ice. First, we screened
three radical photo-initiators at UV-A irradiation, namely ben-
zophenone (BP), 2,2-dimethoxy-2-phenylacetophenone
(DMPA), and 2,2 ′-azobis(2-methylpropionamidine)
dihydrochloride (AAPH), using a 11:5:0.5 M ratio of thiol
compound/cross-linker/radical initiator. The three radical initi-
ators were selected to compare the reaction efficiencies of
unimolecular (type I) and bimolecular (type II) radical photo-
initiators with different water solubility (Scheme 3).

First, the efficiency of the thiol-ene Bclick photo-reaction^
was qualitatively tested on cysteine using BP as radical photo-
initiator. ESI-MS and ESI-HCD-MS/MS data recorded in pos-
itive ionization mode from the reaction mixtures revealed the
formation of the cysteine cross-linked product (Cys-DAU-Cys;
Fig. 1). HCD-MS/MS experiments were conducted for the
protonated, cross-linked cysteine species ([M + H]+ at m/z
383) to confirm the cleavability of the central urea group upon
collisional activation. Indeed, the singly protonated ion of
cross-linked cysteine undergoes the same unimolecular disso-
ciation as observed for the established cross-linkers DSBU [41,
44] and CDI [26], with the relevant amine and isocyanate
product ions exhibiting the diagnostic mass difference of 26 u
(Fig. 1).

It should be noted that DAU cross-linked products with
cysteine were not identified in cross-linking experiments
without UV-A irradiation. This confirmed the absence of a
side reaction between the thiol of cysteine residues and
DAU due to a putative Michael addition. This illustrates
that our DAU cross-linking protocol selectively generates
anti-Markovnikov hydrothiolation products (see Schemes 1
and 2), defining the spacer length of DAU to be in the
range between 9 and 10 Å.

As a next step, we compared the performance of the three
radical photo-initiators for peptide cross-linking using GSH
as model compound (Fig. 2). The cross-linked GSH product
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Scheme 2. Reactivity of the DAU cross-linker with thiol groups, i.e., cysteine residues in proteins. As for other urea-based cross-
linkers, two pairs of amine and isocyanate product ions are generated in (+)-ESI collisional activation (CID or HCD) experiments
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(GSH-DAU-GSH) is visible in the mass spectra as singly
protonated ([M + H]+ at m/z 755) and doubly protonated
([M + 2H]2+ at m/z 378) species (Fig. 2). The relative signal
intensities of the cross-linked species were found to be
increased when the radical initiators BP or DMPA were
employed. Reaction of DAU with a single GSH molecule
([M + H]+ at m/z 448) resulted in the formation of the
thioether product when using AAPH as radical initiator

(Fig. 2c). Also, a signal of unreacted DAU ([M + H]+ at
m/z 141) was visible for AAPH. These results indicate that
BP and DMPA are more effective than AAPH in initiating
the photo-cross-linking reaction, resulting in an almost
quantitative conversion of DAU. Therefore, we selected
BP as radical photo-initiator for further testing DAU
cross-linking on the two proteins bMunc13-2 and the retinal
guanylate cyclase-activating protein GCAP-2.

Scheme 3. Mechanism of thiyl radical formation by (a) BP (type II photo-initiator), (b) DMPA (type I photo-initiator), and (c) AAPH
(type I photo-initiator)

Figure 1. HCD product ion mass spectrum of the protonated Cys-DAU-Cys cross-linked species ([M +H]+ atm/z 383), recorded at
20%NCE. The central urea group of DAU dissociates to give an amine ([M +H]+ atm/z 179) and an isocyanate ([M +H]+ atm/z 205)



bMunc13-2 and GCAP-2 Protein Cross-Linking

To evaluate DAU for its efficiency on cross-linking cyste-
ine-containing proteins, we applied our photo-cross-linking
approach to two cytosolic proteins that are currently under
investigation in our lab: (i) a bMunc13-2 domain, compris-
ing amino acids 367–780 and (ii) GCAP-2. The bMunc13-
2 domain is a ~ 46 kDa protein containing 11 free thiol
groups in cysteine side chains, while GCAP-2 possesses a
molecular weight of ~ 24 kDa and contains three free
cysteines.

The two proteins were subjected to photo-cross-linking in the
presence of DAU as cross-linker and BP as radical photo-initi-
ator. After quenching, the cross-linked proteins were subjected
to enzymatic proteolysis and LC/MS/MS analysis. Combined
fragment ion mass spectra were annotated with the MeroX
software [65], and all cross-links were manually validated. Ex-
emplary product ion mass spectra assigned by MeroX are pre-
sented in Fig. 3. The diagnostic amine and isocyanate product
ions of DAU cross-linked products are visible at the MS/MS
level, together with b-, y-, and a-type ions of the connected
peptides. The thorough sequencing of DAU cross-links already
at the MS/MS level suggests that MS3 experiments might not be

necessary for an unambiguous identification of cross-links,
which is advantageous as it reduces the duty cycle.

We identified 29 unique cross-links for bMunc13-2 (Fig. 4)
and one cross-link for GCAP-2.

Two thirds of bMunc13-2 cross-links were identified in both
replicates, while the GCAP-2 cross-link was found in both
replicates (Fig. 5). The distance of the intramolecular GCAP-2
cross-link was determined to be 25.2 Å (pdb entry 1JBA), while
for bMunc13-2, there is no high-resolution structure available to
map the cross-links. The complete list of unique cross-links is
reported in the Supplementary Material, together with the mgf
and MeroX settings files. The number of unique cross-links
identified in bMunc13-2 is remarkable, testifying the high yield
and the specificity of thiol-ene Bclick^ cross-linking.

To date, the most commonly used principles for protein
cross-linking are N-hydroxysuccinimide (NHS) esters [4].
One drawback of NHS esters is that they mainly target lysine
residues, which might not be optimally suited for protein cross-
linking for the following reasons: First, the lysine side chain is
highly flexible and distance information obtained from cross-
linking of lysines is not very stringent. Second, the positive
charge of the ε-amine group in lysines is absent after
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Figure 2. (+)-ESImass spectra of GSH cross-linking reactionmixtures with DAU using the radical initiators (a) BP, (b) DMPA, and (c)
AAPH recorded in positive ion mode. The cross-linked product (GSH-DAU-GSH) appears as singly protonated ([M +H]+ atm/z 755)
and doubly protonated ([M + 2H]2+ atm/z 378) species. The cross-linked product (shown in green) was found to be more abundant
for BP or DMPA than for AAPH.Unreacted DAU ([M +H]+ atm/z 141; shown in red) and partially reacted DAUwith oneGSHmolecule
(GSH-DAU) ([M +H]+ at m/z 448; shown in blue) were still visible when AAPH was used. Unreacted GSH ([M +H]+ at m/z 308) is
shown in gray
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Figure 3. Fragment ionmass spectra (HCD-MS/MS) of three bMunc13-2 cross-linked products with DAU, automatically annotated
by MeroX [65]. (a) [M + 3H]3+ atm/z 803.083, Cys-92 cross-linked to Cys-101. (b) [M+ 3H]3+ atm/z 963.809, [M+H]+, Cys-84 cross-
linked to Cys-44. (c) [M + 3H]3+ at m/z 715.703, Cys-84 cross-linked to Cys-92



thiol-ene photochemistry of DAU presents an addition reaction
rather than a nucleophilic acyl substitution in the case of NHS
esters. This greatly simplifies the correct assignment of DAU
cross-linked products and eliminates the need to obtain com-
plete fragmentation patterns of cross-linked peptides.

Conclusions
We introduce DAU as the first photo-thiol-reactive and CID-
MS/MS-cleavable cross-linker to target cysteine residues in
proteins. It relies on orthogonal thiol-ene Bclick chemistry,^ is
thiol-selective, and highly efficient. The reaction is induced by
UV-A irradiation under physiological conditions. The cross-
linking reaction of DAU was optimized for cysteine and GSH
using three different radical initiators, yielding optimum cross-
linking efficiencies for BP. The urea moiety of DAU ensures
CID-MS/MS cleavability to facilitate an unambiguous cross-
link assignment and allows conducting peptide sequencing at
the MS/MS level. The applicability of DAU to thiol-containing
proteins was demonstrated for bMunc13-2 and GCAP-2. We
envision a broad applicability of DAU in structural proteomics
studies as it specifically targets free cysteines, giving a com-
plementary reactivity to the commonly used amine-reactive
NHS esters. On top of that, the assignment of DAU cross-
links is not hampered by the presence of isobaric species, i.e.,
dead-end cross-links versus interpeptide cross-links that are
composed of consecutive sequences, as is the case for non-
cleavable NHS ester cross-linkers.
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