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Chemical cross-linking mass spectrometry (XL-MS) is a powerful technology for obtaining protein structural
information and studying protein—protein interactions. We report phospho-bisvinylsulfone (pBVS) as
a novel water-soluble, MS-cleavable, phosphate-based enrichable and multi-targeting cross-linker. In
this approach, the fragmentation of pBVS cross-linked peptides occurs in situ through retro-Michael
addition. The phosphate group is successfully used as a small affinity tag to isolate cross-linked peptides
from the highly abundant non-cross-linked peptides. In addition, the linker targets multiple types of
amino acid residues, including cysteine, lysine and histidine. This method was applied to cross-link
bovine serum albumin (BSA), myoglobin and Lbcpfl demonstrating the ability to yield accurate and
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Introduction

Chemical cross-linking-mass spectrometry (XL-MS) is emerging
as a powerful tool to study protein-protein interactions at the
proteome level and derive tertiary structural information about
proteins and protein complexes.> With the increasing contri-
butions of this technology to structural biology,* optimized
XL-MS methods have been constantly developed and refined.®®
However, some technical challenges remain. The first challenge
is the interpretation of cross-linking spectra on a large scale due
to the exponential growth of the search space and poor spectral
quality.>™ To address this limitation, MS-cleavable cross-
linking reagents such as PIR,"” DSSO," DSBU, BuUrBu®''¢
and DAU" have been developed. A short, MS-cleavable linker,
CD], has also been reported recently.’® The methods above can
simplify the interpretation workflow and convert the computa-
tional complexity from O (n,) to O (1), consequently generating
far fewer false positive hits. The second challenge is that most
protein-protein interactions are weak or transient, and non-
cross-linked peptides are present in a large excess compared
to cross-linked peptides. Due to the stochastic nature of MS
experiments, most cross-linked peptides are not observable by
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abundant information to facilitate protein structure elucidation.

MS.'** To remove these non-cross-linked peptides, an affinity
tag was incorporated into the cross-linking reagent to selectively
enrich cross-linked peptide pairs.*®** For example, cross-linking
reagents containing biotin as an affinity handle have been
developed to boost the detection of cross-linked peptide
pairs.**>* Another issue is that most cross-linking reagents
target only one certain type of residue. For example, N-hydrox-
ysuccinimide (NHS) esters, which are one of the most widely
used cross-linking reagents, mainly react with lysine.">** The
specificity leads to fewer identifiable cross-linked peptide pairs,
especially when there is no lysine available for cross-linking.
Methods targeting acidic residues (Glu and Asp) have also
been developed.”®* A SuFEx chemical cross-linker that can
target different types of amino acid residues was recently re-
ported.?® It is necessary to develop an MS-cleavable, enrichable
and multi-targeting cross-linker to study protein-protein
interactions and elucidate protein structures.

Vinyl sulfones can react with several nucleophilic residues
including cysteine, lysine and histidine.**** Vinyl sulfone-based
Michael addition is an attractive methodology for protein
modification,***" and we have paid much attention to the
development of vinyl sulfones for conjugation with peptides
and proteins.**** Additionally, it is well-known that a high
energy will induce retro-Michael addition, which triggers the
preferential cleavage of the labile conjugation bond.***” In this
study, we intend to employ bisvinylsulfones as a novel class of
MS-cleavable cross-linkers. In addition, although biotin is
widely used as an affinity tag to enrich cross-linked peptides,
the bulky biotin tag will certainly hinder the cross-linking effi-
ciency due to steric effects and therefore result in fewer iden-
tifiable cross-linked peptide pairs.*®** Phosphate-based
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Fig. 1 XL-MS analysis workflow for identifying pBVS cross-linked
peptides.

purification has been widely employed in proteomics analysis
due to the affinity of phosphate to TiO,.* In this study,
a phosphate group was introduced into bisvinylsulfones in an
attempt to selectively enrich cross-linked peptides using the
TiO, method, and we expect the smaller affinity tag to minimize
the steric impact of the cross-linker. Therefore, phospho-
bisvinylsulfone (pBVS) was developed as a novel class of MS-
cleavable and enrichable cross-linkers (Fig. 1). To the best of
our knowledge, this is the first use of a small phosphate group
as an affinity tag. Cleaving the cross-linked peptides into two
separate peptide chains through retro-Michael addition is also
a novel distinct fragmentation mechanism. In addition, the
linker demonstrates the ability to react with multiple types of
amino acids under physiological conditions.

Results and discussion

pBVS was obtained from commercially available 1,3-
bis(vinylsulfonyl)propan-2-ol (BVS) by one step phosphorylation
(Scheme 1). Bovine serum albumin (BSA) was utilized to eval-
uate the cross-linking efficiency. The preliminary results
showed that pBVS was less reactive to amino residues than NHS
esters. However, pBVS shows good stability in aqueous solution,
whereas NHS is sensitive to hydrolysis. After cross-linking with
PBVS, the protein was digested,* and the resulting cross-linked
peptides were enriched with TiO, (ref. 38) and analysed using
collision-induced dissociation (CID)-MS>-MS>. 29 cross-linked
peptides were identified, when the reaction was performed for
4 hours at room temperature and pH 7.4. To improve the effi-
ciency of cross-linking, the reaction conditions were optimized
with respect to time, temperature and pH value (ESI, Table S17).
49 cross-linkers were found when the reaction was performed
for 15 hours at 37 °C and pH 8.5.

As initially expected, the fragmentation of pBVS cross-linked
peptides occurred in situ through retro-Michael addition under
low-energy CID conditions. The cross-linked peptide P1-P2 was
first fragmented into two pairs: o/Biinker/ Brinker-phos aNd B/Giinker/

o PO

o]

pBVS

o OH 1) POCI, Py.,
DCM, 0°C
2) diluted HCI

1,3-bis(vinylsulfonyl)propan-2-ol (BVS)

Scheme 1 Synthesis of pBVS.
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Fig. 2 Fragmentation products of pBVS-crosslinked peptides.

Qinker-phos (Fig. 2). A mass difference of 319.9789 was expected
to be detected under low-energy MS/MS conditions. The jier
and Bjinker ions underwent further cleavage, which generated
another mass tag (222.0021). These two mass tags (319.9789 and
222.0021) could be employed to trigger MS* analysis for the
identification of cross-linked peptide sequences.

Fig. 3a and b display zoomed MS? spectra of a cross-linked o~
B peptide ion (m/z = 1254.2218, z = 3) in the m/z ranges 940-
1120 and 750-940, respectively, in which the two fragment ion
Pairs alinker/alinker-phos/a and Blinkrer/Blinker-phos/[3 (Z = 2) were
detected. The mass difference between the ion oy;,1er and the
ion o is 319.9744, equivalent to the exact mass of one pBVS
linker with a mass error of approximately 0.005 Da. The mass
difference between dijinkerphos and o is 221.9992, which is
equivalent to the exact mass of one pBVS linker-phos with
a mass error of approximately 0.003 Da. The ojinker and B ions
were further fragmented by higher-energy collisional dissocia-
tion (HCD) (Fig. 3c and d). Subsequent database searching
identified peptide o as NECFLSHKDDSPDLPK and B as
LCVLHEKTPVSEK. In addition, the mass sum of the o;nyer iON
(1111.424, z = 2) and the B ion (770.4108, z = 2) is 3759.6384 Da,
equivalent to the mass of the precursor ion 1254.2218 (z = 3,
mass = 3759.642 Da) with an error less than 1 ppm. This finding
suggests that the two fragment ions (ion 1111.424 and ion
770.4108) were formed by the cleavage of one labile bond of the
precursor ion 1254.2218. We hence concluded that these two
pairs of peptides were cross-linked by pBVS. The assignment of
the ions in Fig. 3a and b and the detailed interpretation of o/

1062.4364 7704108

a Linker-phos. e D)

g B Linker-phos
8814131

B Linker
31,3904

1| N—Y

O Linker wd B

G

Fig. 3 MS? spectra of a representive cross-linked peptide pair (a—B,
NECFLSHKDDSPDLPK-LCVLHEKTPVSEK): (a) MS? spectrum of
o. peptide ions; (b) MS? spectrum of B peptide ions; (c) MS® spectrum of
tliinker; and (d) MS3 spectrum of B.
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Scheme 2 The reaction between pBVS with nucleophilic amino acid
residues via Micheal addition.

alinkerfphos/alinker and B/Blinker—phos/Blinker ions are shown in the
ESIt (Tables $2-S8, Fig. S1-S67).

The reactivity of pBVS towards different types of residues was
also explored. As expected, pBVS is reactive to nucleophilic
amino acid residues, including cysteine, lysine and histidine,
via Michael addition (Scheme 2). As shown in Fig. 4a, the
peptide YLQQCPFDEHVK contains one linker, and the exis-
tence of bs/be/y,/ys ions revealed that cross-linking occurred at
C5 (Table S9t). The absence of [bs-pBVS] ions and [y;,-pBVS]
ions suggests that the pBVS linker is not dissociated from the
peptide under high-energy collision dissociation (HCD) condi-
tions. For the fragmentation of ojinker/Blinker iONS, cleavages
occurred along the peptide backbone rather than at the position
between the pBVS linker and the peptide, and the feature can be
utilized to localize the exact linked sites. Fig. 4b and c display
the spectra of ions that were identified as LFTFHADICTLPDTEK
and FWGKYLYEIAR, and the observation of a series of MS> ions
revealed that cross-linking occurred at H5 and K4, respectively
(Tables S10 and S11%).

Due to the linker's ability to facilitate both MS spectrum
interpretation and sample purification, the identification of
cross-linked pairs has been greatly improved compared to the
results of previously reported methods.'®*® A total of 49 unique
cross-linked peptides, including 27 Lys-Lys, 20 Lys-His and 2
His-His, were detected by LC/MS/MS analysis from BSA
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Fig. 4 pBVS as a multi-targeting cross linker: MS® spectra of
YLQQCPFDEHVK + pBVS (a), LFTFHADICTLPDTEK + pBVS (b), and
FWGKYLYEIAR + pBVS (c).
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Fig. 5 Assessment of cross linkages with the BSA 3D structure: (a)
cross-links mapped onto the crystal structures of BSA (PDB entry
3V03); (b) distribution of the Ca.—Ca. distance of the identified linkages;
and (c) types of cross-linking sites identified from the pBVS cross-
linked BSA sample, with numbers indicated on top.

(Fig. 5a-c, Table S12t). Unlike existing NHS cross-linkers that
target only lysine, our method is able to target histidine in
addition to lysine and thus demonstrates the ability to provide
more information for protein structure elucidation. We also
identified cross-linked peptides without enrichment to
demonstrate the effects of the phosphate-based enrichment
strategy. Twelve unique cross-linked peptides were detected
(Table S13t), which confirmed the usefulness of the new
enrichable strategy. To verify our data, the identified cross-
linkages were mapped onto the crystal structures of BSA
(Protein Data Bank entry: 3V03) to determine the Ca-Ca
distance of the linked residues. Considering the spacer length
of pBVS, which is ~15 A, and the distances contributed by
amino acid side chains, as well as the structural flexibility of the
protein, the distance cut off for two connectable residues is set
to 30 A. Forty seven out of the 49 identified linkages (96%) were
calculated to have Ca~Ca distances of less than 30 A (Fig. 5). The
two outliers could be explained by protein flexibility or dimer-
ization. This result is consistent with the structural features of
BSA, which indicates that the BSA structure was not disturbed
by cross-linking. We also employed pBVS to investigate the

9

No. of crosslinking

5-10 10-15 15-20 20-30
Ca-Ca distance ()

< 10-15A
15-20 A e
20-30 A

No. of crossiinking

¥ 'v,\v\ldol\ —_—

°

Fig. 6 Assessment of cross linkages with the myoglobin 3D structure:
(a) cross-links mapped onto the crystal structures of myoglobin (PDB
entry 1dwr); (b) distribution of the Ca—Ca distance of the identified
linkages; and (c) types of cross-linking sites identified from the pBVS
cross-linked myoglobin sample, with numbers indicated on top.
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structure of myoglobin. Seven cross-linked peptides, including
3 Lys-Lys, 2 Lys-His and 2 His-His, were detected by LC/MS/MS
analysis (Fig. 6a-c, Table S147).

The distance data for all the linkages obtained from BSA and
myoglobin except the outlier (60.5 A) are plotted in Fig. 7a. The
median value of the dataset is 15.2 A, which is equal to the pBVS
spacer length (~15 A). The QQ plot in Fig. 7b shows that the
dataset follows a normal distribution. This suggests that the
distance error is mainly due to the flexibility of the amino acid
side chains. One shortcoming of XL-MS for protein structure
analysis is that the distance constraint is too loose to provide
accurate structural information. The results of this study show
that the method generates accurate distance information.

We further apply the reagent for structural elucidation of the
Cpf1 protein from Lachnospiraceae bacteria (Lbcpfl), which is
a single RNA-guided endonuclease, classified as a type V
CRISPR system.”** 19 unique linkages, including 13 Lys-Lys
and 6 Lys-His, were detected (Fig. 8, Table S151). When the
cross-links were mapped onto the crystal structure (PDB entry:
5ID6), we found that 13 out of 19 linkages appeared in helical I
(H1) and helical IT (H2) domains, and 6 linkages were produced
between H1 and its neighbouring OBD domain.*

To evaluate whether pVBS could be used in complex
samples, we also applied the reagent to HeLa whole cell lysate.
Unfortunately, the preliminary results show that most of the
peptides detected were phosphopeptides rather than cross-
linked peptides. This suggests that the method is more suit-
able to study samples in which protein phosphorylation is
absent or less abundant.

(y)souersig

Fig. 7 The distribution of all the linkages: (a) Ca—Ca distance and (b)
QQ plot.

(b)

3 3 3
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Fig. 8 Assessment of cross linkages with the Cpfl 3D structure: (a)
cross-links mapped onto the crystal structures of Cpfl (PDB entry
5ID6); (b) distribution of the Ca—Ca. distance of the identified linkages;
and (c) types of cross-linking sites identified from the pBVS cross-
linked Cpfl sample, with numbers indicated on top.
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Conclusions

In this study, a novel MS-cleavable and enrichable cross-linking
reagent, phospho-bisvinylsulfone (pBVS), was developed. This
stable and water-soluble linker possesses an innovative
modular scaffold and targets multiple types of amino acids (i.e.,
lysine, histidine and cysteine) via Michael addition without any
by-product. Under low-CID MS/MS conditions, cross-linked
peptides are cleaved into two individual peptide chains
through retro-Michael addition, which is a novel fragmentation
pattern in XL-MS. A phosphate group as a small affinity tag is
successfully used to isolate the cross-linked peptides from
highly abundant non-cross-linked peptides. This novel strategy
was applied to the cross-linking of the protein BSA, myoglobin
and Lbcpfl, and the results demonstrated that pBVS-based
linkages provide accurate and abundant information to facili-
tate protein structure elucidation. We also found one limitation
of the method is that phosphopeptides will also be enriched
and pBVS will not be suitable for complex samples with abun-
dant phosphopeptides. Future studies will explore other types
of vinyl sulfone-based cross-linkers suitable for complex
samples.
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