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Mapping protein cross-links introduced by 
bis(succinimidyl)-3-azidomethyl glutarate in 
cellular extracts by peptide fragment 
fingerprinting from the human sequence 
database 

 
Abstract 

Knowledge of spatial proximity of amino acid residues obtained by chemical cross-linking and 
mass spectrometric analysis provides information about protein folding, protein-protein 
interactions and topology of macromolecular assemblies. We show that the use of 
bis(succinimidyl)-3-azidomethyl glutarate to cross-link proximate lysine residues provides a 
solution for two major analytical problems of cross-link mapping by peptide fragment 
fingerprinting (PFF) from complex sequence databases, i.e. low abundance of protease-
generating target peptides and lack of knowledge of the masses of linked peptides. 
Tris(carboxyethyl)phosphine (TCEP) reduces the azido group in cross-linked peptides to an 
amino group in competition with cleavage of an amide bond formed in the cross-link reaction. 
Reduction of the azido group to an amine group renders cross-link amide bonds also scissile by 
collision-induced dissociation, cleavage often occurring along with peptide bond cleavages. 
The relations between the sum of the masses of the cleavage products and the mass of the cross-
linked peptide enables determination of the masses of candidate linked peptides with add of two 
software tools that support PFF from the entire human sequence database in single LC-MS/MS 
runs.  We identified 272 intraprotein and 25 interprotein cross-links in a HeLa cell nuclear 
extract at a false discovery rate of 0.3%. Among others, our dataset indicates a direct interaction 
between kinesin KIF1C and polyglutamylase TTLL7 and between vigilin and replication factor 
C subunit 4. 
*This chapter was submitted for publication. Hansuk Buncherd, Winfried Roseboom, Behrad Ghavim, Weina Du, Martin 
Wanner, Jan H. van Maarseveen, Leo J. de Koning, Chris G. de Koster and Luitzen de Jong
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Introduction 

Chemical cross-linking to fix cells or tissues or to identify interacting proteins has been a 
valuable approach for a long time to understand biological structure and function. Recent 
developments in mass spectrometry, along with the availability of large sequence data bases 
and residue-specific bifunctional reagents, like bis(N-hydroxysuccinimidyl) esters, reacting 
specifically with amino groups, have enabled mapping of cross-links at the amino acid level [1-
4]. Identification of chemically cross-linked residues in peptides by mass spectrometry (CXMS) 
can reveal protein interaction sites in complex mixtures [5] or living cells [6], and the obtained 
distance constraints defined by the length of the spacer of the cross-linker can be used for 
experimental validation of models of the 3-D structure of protein complexes [7].  

 Mapping linked amino acid residues is accomplished by peptide fragment fingerprinting 
(PFF) [8] of a tryptic digest of the cross-linked proteins. In this approach, a peptide database 
calculated from a sequence database is interrogated by a search engine with tandem mass 
spectrometric (MS1MS2) data in which MS1 gives the mass and charge of a peptide ion selected 
for collision induced dissociation (CID), and MS2 results in the mass spectrum of the fragment 
ions generated by CID of a selected peptide ion. A cross-linked peptide is identified if the 
experimental MS1MS2 data sufficiently match a theoretical spectrum. The most informative 
cross-linked peptides are interpeptide cross-links, also called type 2 cross-links [9]. However, 
application of CXMS with conventional bis(N-hydroxysuccinimyl)esters as cross-linkers in 
complex samples is hampered by inefficient identification of type 2 cross-links.  

 The inefficiency of type 2 cross-link mapping is related both to low abundance of target 
peptides in the complex digests, and to limitations of available PFF approaches for these 
species. To meet the limitations of low abundance, enrichment based on charge [10] and size 
[11] of type 2 cross-linked peptides has been described. However, enrichment is by these 
methods is only partial, due to charge and size overlap between target peptides und unmodified 
species.  Affinity purification using cross-linkers provided with an affinity tag in the spacer, 
reviewed in [12] is another approach to attempt to circumvent the problem of low abundance. 
However, these reagents have been used sparsely.  

In one PFF approach, a database is used of cross-linked peptides calculated from a 
protein database [10, 13, 14]. However, this approach is limited to systems of relatively low 
complexity like isolated protein complexes, due to the quadratic increase in database size as a 
function of the number of tryptic peptides taken into account. The larger the search space the 
more difficult can false and true positive identifications be distinguished. In a second option, a 
peptide database calculated from a protein database, instead of a database of cross-linked 
peptides, is interrogated with MS1MS2 data of the digest of the cross-linked protein sample [5, 
10]. The use of stable isotope-labeled cross-linkers, enabling both recognition of mass signals 
of target peptides in MS1 spectra and distinction in MS2 spectra of those fragments from 
composing peptides not containing the cross-link, facilitates this approach [9]. Also the use of 
secondary CID fragments for PFF has been described [5]. However, these approaches are 
limited by lack of knowledge of the masses of composing peptides in a cross-link. To provide a 
solution for this problem, reagents have been described with a spacer containing one or two gas 
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phase cleavable bonds to enable composing peptide mass determination in an MS2 and PFF in 
an MS3 step. However, yet none of these reagents [12] have found wide application. 

Here we explore the use of bis(succinimidyl)-2-azidomethyl glutarate (BAMG) [15] to 
meet both the limitation of available PFF approaches for cross-link mapping and the problem of 
low abundance of target peptides. BAMG reacts with ε-amine groups of lysine residues and 
with α-amino groups of N-termini, thereby connecting proximate target residues via two amide 
bonds by a spacer with a length of 5 carbon atoms. BAMG-cross-linked peptides react with 
TCEP along two competing pathways [15], resulting in products that form the basis of a new 
analytical strategy for efficient mapping of cross-links in complex samples by PFF from large 
protein databases.  

We apply the new strategy to a high molecular weight fraction of a nuclear extract from 
HeLa cells. This preparation contains protein complexes involved in maintenance, duplication 
and expression of the genetic material and in other functions. The functional organization and 
dynamics of large assemblies is often poorly understood. Here we test the effectiveness of our 
method to identify cross-linked peptides in this complex preparation and we describe a scalable 
new synthetic route for BAMG.  

Results 

 

Fig. 1 TCEP-induced reactions in type 2 BAMG-cross-linked tryptic peptides. Peptides are represented by a string 
of candies depicting amino acid residues. K, lysine; R, arginine. The positions of positive charges at pH 2.9, i.e. a 
condition used for strong cation exchange chromatography, are indicated. In the upper pathway, denoted reduction 
pathway, the azido group in the spacer of the cross-link is reduced to an amine group, accompanied by a mass loss 
of 25.9905 Da. This conversion adds one positive charge to the cross-linked peptide at pH 2.9. In a competing 
reaction one of the amide groups formed in the cross-linking reaction is cleaved (cleavage pathway). Products of 
the cleavage reaction are an unmodified peptide, bearing three positive charges, and a peptide modified by a 
BAMG remnant in the form of a lactone, bearing two positive charges. The induced charge differences enable 
sorting of the reaction products by diagonal SCX chromatography. The equation shows the relationship between 
the sum of the masses of the cleavage products and the mass of the reduced intact cross-link peptide. MA, mass of 
unmodified peptide A; MB, mass of unmodified peptide B; MAl, mass of peptide A modified with the remnant of 
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the cross-linker; MBl, mass of peptide B modified with the remnant of the cross-linker; MX, mass of the reduced 
cross-linked peptide. 

 

TCEP-induced reactions in BAMG-cross-linked peptides form the basis of an analytical 
strategy to map cross-links in complex samples 

Identification of cross-linked peptides by PFF is facilitated by knowledge of the masses of 
composing peptides, which can be obtained by cleavage of the cross-link. In BAMG-cross-
linked peptides a cleavage reaction of one of the two amide bonds of the cross-link by TCEP 
yields the two connected tryptic peptides in an unmodified form, and in a form modified at K 
with the remnant of the cross-linker in the form of a lactone (Fig. 1, cleavage pathway). In a 
competing reaction the azido group in the spacer of the cross-linker is reduced to an amine (Fig. 
1, reduction pathway) [15, 16]. PFF of cleavage products can reveal the identity of composing 
peptides of cross-links. From the relationship between the sum of the masses of the cleavage 
products and the mass of the reduced intact cross-linked peptide (Fig. 1, equation), it can be 
determined which peptides were connected [15]. The identity of a candidate cross-linked 
peptide can be confirmed or rejected based on the MS1MS2 data of its TCEP-induced reduction 
product. However, type 2 cross-linked peptides are relatively rare and of low abundance in the 
complex peptide mixture from the nuclear extract. TCEP treatment yielding five different 
reaction products further decreases the concentration of target peptides. This implies that 
application of the proposed approach requires rigorous sorting of TCEP-induced reaction 
products from the bulk of unmodified peptides in the digest, in order to enable data-dependent 
selection of the low abundant target peptides for CID in LS-MS/MS analysis 
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Fig. 2 TCEP-induced reaction products of type 0 cross-links (A) and type 1 cross-links (B) [15]. Peptides are 
represented by a string of candies depicting amino acid residues. K, lysine; R, arginine. In the reduction pathway 
of type 0 cross-links the azido group in the spacer of the cross-link is reduced to an amine group, adding one 
positive charge to the cross-linked peptide at pH 2.9. The competing reaction (lower pathway) results in a peptide 
modified with a remnant of the cross-linker in the form of a lactone with the same charge state as the parent 
compound. This conversion is accompanied by a mass loss of 43.0171 Da. No cleavage of the cross-link amide 
bond was observed with type 0 cross-links. Reduction of a type 1 cross-link (- 25.9905 Da) adds one positive 
charge to the reaction product. The cleavage reaction (- 25.0065 Da), yielding two isomeric lactones, also adds one 
positive charge to the reaction products. 
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Isolation of TCEP-induced reaction products from BAMG-cross-linked peptides by 
diagonal SCX chromatography 

Peptides with a specific reactivity can be isolated by diagonal chromatography provided that a 
targeted reaction in a fraction of a primary chromatographic run induces a change in 
chromatographic behavior [17]. In the subsequent secondary chromatographic run, reaction 
products can be sequestered from unreactive species. To sort TCEP-induced reaction products 
of BAMG-cross-linked peptides we apply diagonal SCX chromatography using a mobile phase 
of low pH and a salt gradient for elution of bound material. With SCX chromatography 
peptides are fractionated predominantly based on net charge [18]. Tryptic peptides have at least 
two positive net charges at low pH and the species of lowest charge state elute first. At the pH 
of the mobile phase in SCX chromatography, the charge state of the TCEP-induced reaction 
products from type 2 cross-links differ from that of the parent compound (Fig. 1), the cleavage 
products possessing less positive charge, while the reduced cross-link obtains an extra positive 
charge. Consequently, the reduced intact cross-linked peptide will elute later in SCX 
chromatography than the parent compound, while cleavage products will elute earlier, in 
particular the peptide lactones which differ by at least 2 positive charges from the parent cross-
linked peptide. Besides the reduced intact cross-linked peptides, also reduced type 0 and type 1 
cross-links will elute at a higher salt concentration, according to their change in charge state 
upon reduction (Fig. 2).  

 

Fig. 3 Chromatogram of size fractionation of a HeLa cell nuclear extract by gel filtration. Elution times of marker 
proteins are indicated by arrows. For details see Experimental Procedures. Material of approx. 0.2-1 megadalton in 
size eluting in the time window of the blue segment was pooled and directly cross-linked with BAMG. 
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Fig. 4 Isolation of TCEP-induced reaction products of type 2 BAMG-cross-linked peptides by diagonal SCX 
chromatography. The red chromatogram in the background depicts the primary SCX run of a tryptic digest of a 
BAMG-treated high molecular weight fraction of a HeLa cell nuclear extract. Material from two primary SCX 
runs was used for secondary runs. The secondary runs of 10 primary fractions after treatment with TCEP are 
depicted in front of the primary run. Material with absorbance at 214 nm in front of the main peak was pooled into 
an early shifted fraction and material with absorbance at 214 nm in the rear of the mean peak was pooled into a late 
shifted fraction. The early and late shifted fractions for each secondary run 6 to 12, as well as the pooled material 
from secondary runs 13 to 15 were subjected to reversed phase liquid chromatography coupled to Fourier 
transform tandem mass spectrometry (LC-FT-MS1MS2) analysis. The main peaks are on the diagonal in a graph in 
which the retention time of the primary fractions is plotted against the retention times of material eluting in the 
secondary runs. These main peaks contain the bulk of unreactive peptides. Retention times of TCEP-induced 
reaction products are off the diagonal. 

 
Table 1. Enrichment of peptide lactones and peptides with K not at the C terminus in the early shifted material of diagonal SCX 
chromatography. Data have been extracted from Supplemental Table 1, by applying a threshold Mascot score of 21, resulting in 
an overall FDR of 4.5 % 

Type Forward seq. % Decoy seq. FDR (%) 
Peptide lactones 1118 63.9 58 4.9 
Peptides with K not at C-terminus 379 21.7 8 2.1 
Peptides with R not at C-terminus 50 2.9 9 15.3 
Peptides without R and K not at C-terminus 201 11.5 8 3.8 
Total 1748 100 83 4.5 

 
The expected shifts in retention times of TCEP-induced reaction products of type 2 

cross-links is demonstrated for a molecular size-fractionated HeLa cell nuclear extract (Fig. 3), 
that was cross-linked with BAMG, digested by trypsin and subjected to SCX chromatography 
(Fig. 4). Fractions were treated with TCEP and then separately run under identical conditions as 
in the primary run (Fig. 4). In the secondary runs a high peak is present at the retention time of 
the primary fraction, while smaller peaks are discernible appearing earlier and later. In the early 
shifted fractions, approx. 85% of all identified peptides with 6 amino acids or more consisted of 
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peptide lactones and peptides with an internal or N-terminal K (Table 1). So, these TCEP-
induced cleavage products that signal the presence of cross-linked peptides in the parent SCX 
fraction are enriched in the early shifted fractions. The remaining 15% consisted of peptides 
without a K except at the C-terminus (Table 1), i.e. normal tryptic peptides, the presence of 
which in the early shifted material can be explained by incomplete separation from the non-
shifted main peaks. The late shifted material was found to be enriched in reduced intact cross-
linked peptides as will be shown below.  

To also assess the percentage of the TCEP-induced reaction products that end up in the 
early and late fractions, resp., we subjected a digest of a small BAMG-treated protein, 
cytochrome c, to diagonal chromatography. After the primary run we detected by accurate mass 
measurement all 13 type 2 cross-linked peptides identified before [19]. All predicted peptide 
lactones composed of at least 6 amino acides and reduced intact cross-linked peptides after 
TCEP treatment were present in the early and late shifted fractions, resp. In addition we 
identified three cross-linked peptides not observed before (results not shown). This underscores 
the usefulness of diagonal SCX chromatography to sort TCEP-induced reaction products. It is 
interesting to note that another type of diagonal separation, diagonal paper electrophoresis, was 
used to map all five disulfide bonds in a peptic digest of chymotrypsinogen A, nearly half a 
century ago. [20]. 
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Fig. 5 Flow diagram of cross-link mapping strategies. On top a cartoon of a chromatogram of a TCEP-treated 
fraction is depicted. The late shifted (LS) material contains the reduced intact cross-linked peptides while the early 
shifted (ES) material contains the cleavage products that signal the presence of reduced type 2 cross-links in the LS 
material. Italics, names of software tools for data processing and analysis. Blue arrows, signaled cross-linked 
peptide database approach (Biner approach). Biner combines pairs of all signal peptides in the ES material from a 
particular SCX fraction into reduced cross-links of which the mass is calculated with the mass equations depicted 
in the blue framed equation box. Mass matching with MS1 spectra of the LS material from the same primary SCX 
fraction gives candidate cross-links for validation by Yeun Yan. Red arrows, sequence database approach (Reang 
approach); Reang inspects MS1MS2 data files from the LS fractions (cartoon of MS1MS2 spectrum) and sorts 
signals corresponding to candidate peptides A, Am, B and Bm resulting from cleavage of the amide bonds formed 
in the cross-linking reaction, by applying the mass equations depicted in the red framed equation box. For each 
candidate (red peak in cartoon of MS1MS2 spectrum) Reang sorts product ions not exceeding the mass of the 
candidate. 
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The signaled cross-linked peptide database approach for cross-link mapping (Biner 
approach) 

The signaled cross-linked peptide database approach, or Biner approach (Fig.5, blue arrows), is 
based on the notion that the presence of type 2 cross-links in a particular primary SCX fraction 
is signaled by peptide lactones and unmodified peptides with a K not positioned at the C-
terminus in early shifted fractions of secondary SCX runs. It cannot be excluded that the early 
shifted material contains also peptide lactones derived from type 0 cross-links, although these 
TCEP-induced reaction products of type 0 cross-links have the same charge state as the parent 
compound (Fig. 2). All possible pairs of signal peptides from a particular SCX fraction are first 
combined into the corresponding reduced cross-linked peptides by the software tool Biner. The 
mass of the combined pairs is calculated according to equations 4-7 (Experimental Procedures, 
left equation box, Fig. 5) and matched with MS1 spectra of peptides in the late shifted material 
of the corresponding secondary SCX fraction (Fig. 1; Fig. 5, blue arrows). Hits at 10 ppm mass 
accuracy are then subjected to validation by the software tool Yeun Yan, for confirmation or 
rejection of the structure of the candidate cross-linked peptides proposed by Biner. Yeun Yan 
compares the experimental MS2 spectrum of a candidate cross-linked reduced peptide with the 
theoretical MS2 spectrum for that candidate. An ions score, called YY score, is calculated for 
each candidate of which at least 1 unambiguous y ion has been assigned at 6 ppm mass 
accuracy to each of the composing peptides. The YY score expresses the degree of matching 
between the experimental and theoretical MS2 spectra. 

No threshold Mascot ions score was applied for the nomination by PFF from the human 
database with forward and reversed sequences of candidate signal peptides in the early shifted 
fractions. Under these conditions the Mascot-nominated data set of signal peptides to be 
processed by Biner consisted of 3991 species including 1112 decoy sequences, distributed over 
the SCX fractions as listed in Supplemental Table 1. The hits detected by Biner were subjected 
to validation by Yeun Yan according to the criteria mentioned above, i.e. MS2 spectra of 
candidates should at least show one unambiguous y ion at 6 ppm mass accuracy for each 
composing peptide. This resulted in the nomination of 1939 candidate cross-linked peptides 
including 984 species with one or both decoy sequences for 432 precursor ions of the late 
shifted material (Supplemental Table 2). The dataset also contains 84 spectra corresponding to 
intraprotein cross-linked peptides from proteins of which 3-D structural information is available 
in public databases [21-23], (supplemental Table 2, supplemental Table 3). Comparison with 
structural models of these proteins learned that the distances between Cα atoms of linked 
residues did not exceed 25.2 Å. A distance less than 25.7 Å is considered to be in agreement 
with the protein structure, assuming a spacer length of 7.7 Å, a lysine side chain length of 6.5 
Å, and a coordinate error of 1.5 Å (supplemental Table 3). We also noticed the presence of 32 
spectra corresponding to interprotein cross-linked peptides from proteins known to interact with 
another. This set comprises cross-links in LMNA homodimers [24], HS90A or HS90B 
homodimers [25] and in NPM homopentamers [26], and cross-links between HS90A and 
HS90B [6], NONO and SFPQ [27], RUXE and RUXG [28], TCPA and TCPQ [7], TCPQ and 
TCPZ [7], and U5S1 and PRP8 [29] (supplemental Table 2, Table 2). However, the large 
number of decoy candidates in this stage requires definition of additional criteria to be fulfilled 
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by MS2 spectra in order to obtain a low false discovery rate (FDR) of the entire set of target 
peptide nominations. At the same time such criteria should enable identification of a large 
majority of cross-links compatible with independent structural information, mentioned above. 

FDR estimation of cross-linked peptides by PFF from large sequence databases 

To estimate a FDR we use the human protein databases containing both forward and reversed 
sequences. In our approach of FDR determination we distinguish between interprotein cross-
links and intraprotein cross-links [10, 30]. The probability Pintra that identification of 
intraprotein cross-links between a peptide from a particular protein containing k lysine residues 
and a peptide from the same protein in a protein database containing l lysine residues is a 
random event is equal to  

Pintra =S(k-1)/(l-1) (equation 11) 

in which the proportionality constant S (S < 1) is a measure for the stringency with respect to 
mass accuracy of precursor and fragment ions and the number of assigned fragment ions 
required for identification.  

The probability Pinter that identification of an interprotein cross-link between a peptide 
from a particular protein consisting of k lysine residues and a peptide from any other protein in 
this database is a random event is equal to  

Pinter = S(l-k)/(l-1) (equation 12) 

Dividing equation 12 by equation 11 yields 

Pinter /Pintra = [(l-k)/(l-1)]/[(k-1)/(l-1)] (equation 13) 

The values for k of proteins in the nuclear extract with identified cross-links in our dataset 
searched against the human protein database consisting of 20,232 proteins and 1,292,668 lysine 
residues vary from 10 for the smallest protein (signal recognition particle 9 kDa protein) to 293 
for the largest protein (cytoplasmic dynein 1 heavy chain 1). Substitution of these values in 
equation 13 shows that the probability of identifying cross-links as the result of a random event 
is at least 3 orders of magnitude larger for interprotein cross-links than for intraprotein cross-
links.  

In order to consider the use of a reversed sequence database for estimation of the false 
positive discovery rate, in which a distinction is made between inter- and intraprotein cross-
links, it is necessary to analyze the nature of decoy candidates found at the stringency used for 
nomination by Yeun Yan of candidate cross-links, i.e. a mass accuracy of 10 ppm for precursor 
ions and 6 ppm for fragment ions, along with requirement of at least 1 unambiguously matching 
y ion for each of the two composing peptides in a cross-link.  

None of the 984 decoy sequences put forward by Yeun Yan in the Biner approach 
contains a candidate with two different sequences from the same protein, as expected given the 
extremely low probability of such an event according to equation 13. Decoy and target 
sequences were sorted for each precursor ion, as described in Experimental Methods. An 
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intraprotein candidate for a precursor ion was assigned if the number of unambiguously 
matching y ions to each of its composing peptides was the same as or higher than the number of 
unambiguously matching y ions to each of the composing peptides in possible other candidates 
for that precursor. For 277 precursor ions this criterion resulted in the identification of 
intraprotein cross-links (supplemental Table 2). 

The remaining precursors were first sorted for the highest scoring interprotein cross-
links or decoy sequences. This step yielded 7 interprotein candidates with two equal target 
peptides while no decoy candidates with equal sequences were put forward. Also 95 
interprotein target candidates with two different peptides and 35 decoy species with two 
different sequences, of which either one or both were reversed, fulfilled this highest scoring 
criterion, which would imply a FDR of 27% for this category of interprotein cross-link 
candidates without application of more stringent criteria. Increasing the stringency for 
identification by requiring the matching of at least 2 y ions for each composing peptide, by a 
YY ions score of at least 2.6 (Experimental Procedures), and by taking only cross-link 
candidates into account with at least 6 amino acids for each composing peptide, resulted in 
identification of 24 interprotein cross-linked peptides with two different sequences, 7 
interprotein cross-links with equal peptide sequences and no decoy sequences, suggesting a 
very low FDR. Exclusion of redundant assignments of cross-link peptide pairs that were 
selected for MS2 more than once, leaving the record with the highest YY ions score, results in a 
dataset comprising 114 unique intra-protein cross-links (Supplemental Table 3) and 12 different 
interprotein cross-links (Table 2).  The low FDR as revealed by the lack of decoy peptides 
justifies the low stringency for the Mascot search to nominate candidate signal peptides (Fig. 
6). 

 

 

Fig. 6 Relationship between the number of cross-linked peptides identified with the Biner approach and the 
Mascot threshold score for nomination of signal peptides. White dots, total number of cross-linked peptides; Black 
dots, number of unique cross-linked peptides. 

0

50

100

150

200

250

300

350

0 10 20 30 40 50 60 70 80 90

N
um

be
r o

f i
de

nt
ifi

ed
 X

Ls

MASCOT score



Diagonal strong cation exchange (2SCX) chromatography 

77 
 

A large majority of cross-links compatible with independently obtained structural 
information, as discussed above, fulfilled the criteria for assignment of interprotein cross-linked 
peptides. This was the case for 75 out of the 84 spectra corresponding to intraprotein cross-links 
and 28 out of the 32 spectra corresponding to interprotein cross-links. These results strongly 
suggest that true and false positives can be effectively distinguished by the chosen criteria . 
This is the first time that cross-links in a complex digest are mapped by PFF from the entire 
human database. 

Table 2. Interprotein cross-links identified in a BAMG-treated high molecular weight fraction of a HeLa cell nuclear extract 
peptides proteins 

(UniProt code) 
kDa XL pos. method Full protein names Remarks 

VEKGPDGK CAF1B_HUMAN 61 48 R Chromatin assembly factor 1 subunit B  
VYAKGETNHNIQQESR XIRP2_HUMAN 382 3182  Xin actin-binding repeat-containing protein 2  
LECLKEDVQR CDC5L_HUMAN 92 771 R Cell division cycle 5-like protein D[31] 
NMQLTAGSKLR SPF27_HUMAN 26 177  Pre-mRNA-splicing factor SPF27  
KAAGAGK EF1A1_HUMAN 50 444 B Elongation factor 1-alpha-1  
AAPGAEFAPNKR NONO_HUMAN 54 467  Non-POU domain-containing octamer-binding prot.  
LDAKIDSK EIF3E_HUMAN 52 383 R Eukaryotic translation initiation factor 3 subunit E  
TKPIWTR HS90B_HUMAN 83 286  Heat shock protein HSP 90-beta  
FYEQFSKNIK HS90A_HUMAN 85 443 B, R Heat shock protein HSP 90-alpha D[6] 
APFDLFENKK HS90B_HUMAN 83 347  Heat shock protein HSP 90-beta  
IMKAQALR HS90B_HUMANa 83 607 B, R Heat shock protein HSP 90-beta D[25] (14.6 Å)c 
IMKAQALR HS90B_HUMANa 83 607  Heat shock protein HSP 90-beta  
DNSTMGYMMAKK HS90B_HUMAN 83 623 R Heat shock protein HSP 90-beta  
MPKNKK IFRD1_HUMAN 50 3  Interferon-related developmental regulator 1  
EKNPDMVAGEKR IF2B_HUMAN 38 190 R Eukaryotic translation initiation factor 2 subunit 2 D[32] 
IDLVKESQAK IF2G_HUMAN 51 196  Eukaryotic translation initiation factor 2 subunit 3  
LQGKDPR KIF1C_HUMAN 123 737 R Kinesin-like protein KIF1C See text 
DETENKGSKR TTLL7_HUMAN 103 268  Tubulin polyglutamylase TTLL7  
LVEIDNGKQR LMNA_HUMAN 74 233 B, R Prelamin-A/C D[24] 
LVEIDNGKQR LMNA_HUMAN 74 233  Prelamin-A/C  
LQEKEDLQELNDR LMNA_HUMAN 74 32 R Prelamin-A/C D[24] 
LQEKEDLQELNDR LMNA_HUMAN 74 32  Prelamin-A/C  
SAKVPER NOLC1_HUMAN 74 62 B, R Nucleolar and coiled-body phosphoprotein 1  
SAKVPER NOLC1_HUMAN 74 62  Nucleolar and coiled-body phosphoprotein 1  
YGKAGEVFIHK NONO_HUMAN 54 99 B, R Non-POU domain-containing octamer-binding prot. D[27] 
SEEKISDSEGFK SFPQ_HUMAN 76 271  Splicing factor, proline- and glutamine-rich  
LLSISGKR NPM_HUMAN 33 141 B, R Nucleophosmin D[26] 
LLSISGKR NPM_HUMAN 33 141  Nucleophosmin  
KYVNGSTYQR PRP8_HUMAN 274 218 B, R Pre-mRNA-processing-splicing factor 8 D[29] 
TLDELGIHLTKEELK U5S1_HUMAN 109 405  116 kDa U5 snRNP component   
LLNQEKSELLVEQGR RAD50_HUMAN 154 343 R DNA repair protein RAD50 D[33] 
LLNQEKSELLVEQGR RAD50_HUMAN 154 343  DNA repair protein RAD50  
SEILSKK RAD50_HUMAN 154 452 R DNA repair protein RAD50 D[33] 
IIELKSEILSK RAD50_HUMAN 154 446  DNA repair protein RAD50  
ENVKISDEGIAYLVK RFC4_HUMAN 40 221 R Replication factor C subunit 4 See text 
ITGTKEGIEK VIGLN_HUMAN 141 202  Vigilin  
VQKVMVQPINLIFR RUXE_HUMAN 11 12 B Small nuclear ribonucleoprotein E D[28] (16.2 Å)d 
AHPPELKK RUXG_HUMAN 9 10  Small nuclear ribonucleoprotein G  
KVNELR HNRL1_HUMANb 27 5 R hnRNP U-like protein 1b  
KVNELR HNRL1_HUMANb 27 5  hnRNP U-like protein 1b  
WIGLDLSNGKPR TCPA_HUMAN 60 494 B, R, X T-complex protein 1 subunit alpha D[7] (21.3 Å)e 
ANEVISKLYAVHQEGNK TCPQ_HUMAN 60 466  T-complex protein 1 subunit theta  
VDNIIKAAPR TCPB_HUMAN 57 522 R, X T-complex protein 1 subunit beta D[7] (31.2 Å)e 
GKGAYQDR TCPD_HUMAN 58 21  T-complex protein 1 subunit delta  
LTSFIGAIAIGDLVKSTLGPK TCPB_HUMAN 57 40 R, X T-complex protein 1 subunit beta D[7] (13.8 Å)e 
DKPAQIR TCPD_HUMAN 58 29  T-complex protein 1 subunit delta  
GASKEILSEVER TCPG_HUMAN 61 381 X T-complex protein 1 subunit gamma D[7] 
AGMSSLKG TCPZ_HUMAN 58 530  T-complex protein 1 subunit zeta  
AVDDGVNTFKVLTR TCPQ_HUMAN 60 400 B, R, X T-complex protein 1 subunit theta D[7] (20.0 Å)e 
HKSETDTSLIR TCPZ_HUMAN 58 199  T-complex protein 1 subunit zeta  
AVDDGVNTFKVLTR TCPQ_HUMAN 60 400 B, R T-complex protein 1 subunit theta F 
HKSHLKDHER ZF161_HUMAN 51 373  Zinc finger and BTB domain-containing protein 14  

 
B, Biner approach; R, Reang approach; X, total cross-linked peptide database approach; D, other evidence for 
direct interaction has been described; a, same sequence occurs in HS90A_HUMAN; b, same sequence occurs in 
F10A1_HUMAN, F10A_HUMAN and F10A5_HUMAN; c, measured distance based on PDB file 2O1U; d, 
measured distance from PDB file 2Y9A; e, measured distance based on PDB file 4D8Q; F, probably a false 
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positive; a precursor ion with the same mass and retention time was selected 4 times for MS1MS2; three times a 
TCPQ-TCPZ cross-link was assigned and one time the TCPQ-ZF161 cross-link had the highest score.  

 

Abundant gas phase cleavage of cross-link amide bonds in reduced BAMG-conjugated 
peptides enables a second analytical strategy for cross-link mapping 

A typical MS2 spectrum of a cross-linked peptide identified by the Biner approach is depicted 
in Fig. 7. In this cross-link, K218 from the 220 kDa pre-mRNA-processing-splicing factor 8 
(PRP8) is connected with K405 of the 116 kDa U5 small nuclear ribonucleoprotein (snRNP) 
component U5S1, two proteins known to interact with each other in U5 snRNPs [29]. In 
addition to the fragment ions commonly found in MS2 spectra of peptides, i.e. b and y ions, 
sometimes accompanied by signals resulting from loss of H2O or NH3, four product ions are 
detected that can be explained by cleavage of either one of the two cross-link amide bonds. As 
shown in Fig. 8, a cross-link amide bond cleavage results in an unmodified composing 
protonated peptide A or B, while the remaining cleaved off peptide Bm or Am is modified by a 
remnant of the cross-linker adding a mass of 125.0477 Da to the peptide corresponding to 
elemental composition C6H7NO2. The cross-linker remnant may be present in the form of a β-
lactam, possibly formed by a mechanism comparable with oxazolone formation of a b ion upon 
peptide bond cleavage [34]. 

 

Fig. 7 CID of reduced BAMG-cross-linked peptides results in abundant cleavage of the amide bonds in the spacer 
and in secondary fragmentations. Inset, mapped fragments and structure of the cross-linked peptide. Different font 
colors are used for MS2 product ions [9] resulting  from primary fragmentations (black) and secondary 
fragmentations of a cleaved off unmodified peptides (blue) and modified peptide (red). 
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Fig. 8 Reaction mechanism of cleavage of a cross-link amide bond in reduced BAMG-cross-linked peptides in the 
gas phase. Depicted charge state is arbitrary. Protonation of the carbonyl oxygen of a cross-link amide bond 
creates an electrophilic center that is attacked by the amino group in the spacer of the cross-link, leading to 
cleavage of the amide bond. This results in a free peptide and a peptide modified by the cross-linker in the form of 
a β-lactam. 

 Fig. 9 shows the Yeun Yan software tool output format for matching of the MS2 
spectrum depicted in Fig. 7 with the calculated masses of the fragment ions of the cross-linked 
peptide. Fig. 7 and Fig. 9 (peptides Bm and B in fields III and IV) show mass signals resulting 
from consecutive fragmentation events, in which one of the two cross-link amide bonds is 
cleaved along with cleavage of a peptide bond either C-terminal or N-terminal to the cross-link 
site. This cleavage behavior tremendously facilitates identification of composing peptides 
directly from analysis of the MS2 spectrum of the intact cross-linked peptide precursor ion in a 
strategy called the Reang approach as described below. A reduced BAMG-cross-linked peptide 
subjected to MS1MS2 in an earlier study also showed cleavage of the cross-linked amide bonds, 
a feature that had escaped appreciation of its true value at the time of observation [15].  
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Fig. 9 Output page of Yeun Yan highlighting the m/z  values of assigned fragments originating from peptide bond 
cleavage in peptide A (yellow) and in peptide B (orange) or cleavage of the amide bonds of the cross-link (blue). 
Field I, observed m/z values of fragment ions and corresponding signal intensities. Fields II-IV, calculated m/z 
values of fragment ions. Field V, calculated m/z  values of peptide lactams and unmodified peptides A and B. 
Highlighted black numbers, assigned unambiguous fragments; Field II, cross-linked peptide; field III, cleaved 
unmodified peptides A and B; field IV, cleaved peptides Am and Bm. Cross-linked lysines are highlighted red. 
Blue numbers, ambiguous fragments. 

Sequence database approach for cross-link mapping (Reang approach) 

In the sequence database approach the Reang software tool probes the MS1MS2 spectra of the 
late shifted SCX fractions for mass signals fulfilling one or more of the mass relationships 
shown in Fig. 5 (right equation box, equations 1-3 in Experimental Procedures). Here MP is the 
mass of the reduced cross-link, and MA and MB, and MAm and MBm are the masses of the two 
peptides and their modified complements as in Fig. 8. At least one of the mass relationships has 
to be identified in order to enable determination of MA, MB, MAm and MBm (Experimental 
Procedures). This is found to be the case in nearly 90% of all MS1MS2 spectra of cross-linked 
peptides identified by the Biner approach (Table 3). For A , B, Am and Bm, a modified MS2 
fragment mass list is composed from the parent MS2 spectrum by omitting the fragment masses 
higher than MA, MB, MAm and MBm, respectively, and replacing the parent mass with MA, MB, 
MAm and MBm, respectively. The resulting MS1MS2 data are subjected to a Mascot search by 
interrogation of the entire human protein database containing both forward and reversed 
sequences for peptide identification. No threshold score for Mascot search has been applied to 
prevent that true positive candidates escape nomination, while the high mass accuracy of the 
FTMS1 and FTMS2 data minimizes false positive nominations. Peptides nominated by Mascot 
are assembled by Reang into a candidate cross-link. Finally, the parent MS2 spectrum from the 
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late shifted SCX fraction is matched by Yeun Yan with theoretical fragment ion masses of the 
candidate cross-link. 

 
 

Yeun Yan nominated 2877 candidate cross-links with at least 1 unambiguously assigned 
y ion at 6 ppm mass accuracy to both composing peptides, including 1293 species with one or 
both decoy sequences, for 735 precursor ions (Supplemental Table 4). As was found with the 
Biner approach, no decoy candidates were put forward with two different sequences from the 
same (reversed) protein, again demonstrating the low probability that intraprotein cross-linked 
peptides are identified as the result of a random event. Cross-link assignments including decoy 
and target peptides (Supplemental Table 4) were performed in the same way as described above 
for the Biner approach. In this way we identified 558 spectra of intraprotein cross-links, 50 
spectra of interprotein cross-links and 1 spectrum of a decoy sequence, indicating an overall 
FDR of < 0.2%. Exclusion of redundant cross-linked peptide pair assignments for precursor 
ions selected for MS2 more than once, yields 234 different intraprotein cross-links 
(Supplemental Table 3), and 23 different interprotein cross-links (Table 3). The Biner and 
Reang approaches are complementary, but most cross-links found with the Biner approach are 
also identified with the Reang approach (Fig. 10). This underscores the robustness of our 
methodology. 

 

 

Table 3 Frequency of gas phase cleavage of cross-link amide bonds as shown in Fig. 7 and Fig. 8 in 
the 308 type 2 reduced BAMG-cross-linked peptides identified with the Biner approach. A, peptide A; 
Amod, peptide A modified with a remnant of the cross-linker in the form of a lactam; B, peptide B; 
Bmod, peptide B modified with a remnant of the cross-linker in the form of a lactam. 

A Amod B Bmod Number of cleavage products Number % 
+ + + + 4 100 32.5 
+ + + - 3 43   
+ + - + 3 6   
+ - + + 3 35   
- + + + 3 1 27.6 
+ + - - 2 57   
+ - + - 2 9   
+ - - + 2 2   
- + + - 2 1   
- + - + 2 0   
- - + + 2 15 27.3 
+ - - - 1 10   
- + - - 1 2   
- - + - 1 3   
- - - + 1 0   
- - - - 0 24 12.7 
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Fig. 10 Venn diagram of the contributions of the Biner and Reang approaches for cross-link mapping to the 
number of identified interprotein and intraprotein cross-links in a BAMG-treated high molecular weight fraction of 
a HeLa cell nuclear extract. 

 

Table 4. Effect of application of the criteria for assignment of interprotein cross-links, after sorting the 
highest scoring candidate for each precursor ion, on the number of decoy peptides and the number of 
assigned candidates compatible with known protein structures and known protein-protein interactions. 
Data have been extracted from Supplemental Table 3, Supplemental Table  4 and Table 3 

 Before application 
(number of spectra) 

After application 
(number of 
spectra) 

Percentage not assigned 

    

Decoy peptides 52 1 98 

Intraprotein cross-links 243 193 21 

Interprotein cross-links 44 41 7 

Total target peptides 287 234 18 

 
Criteria to define intraprotein cross-links compatible with known protein structures are the same as used in the 
Biner approach.  Interprotein cross-links compatible with known protein-protein interactions are HS90A/HS90B 
[6] (3), HS90A/HS90A or HS90B/HS90B [25] (3),IF2B/IF2G[32] <1, LMNA/LMNA [24] (5,3), NONO/SPFQ 
[27] (5), NPM [26] (1), RAD50/RAD50 [33] (2,2), PRP8/U5S1 [29] (2), SPF27/CDC5L [31] (4), TCPA/TCPQ [7] 
(7), TCPB/TCPD [7] (1, 1), TCPQ/TCPZ [7] (3) and THOC5/THOC7 [35] (1). Number of spectra is given 
between brackets. The score of only three spectra of these interprotein cross-linked peptides are insufficient for 
assignment, i.e. one of the three precursor ions of the HS90A/HS90B cross-link, the only spectrum of the 
THOC5/THOC7 cross-link and one spectrum from the homodimeric RAD50.  

The results presented in Table 4 indicate that approx. 80% of all cross-links that are 
compatible with knowledge about protein structure and protein-protein interaction are assigned 
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by applying the criteria for assignment of interprotein cross-links.  This indicates that false and 
true positives can be effectively distinguished with our approach.   

Total cross-linked peptide database approach for cross-link mapping of selected protein 
complexes leads to additional identifications 

The combined results of the Biner and Reang approaches revealed 18 cross-links in the 1 
megadalton TriCT/CCT-complex, of which the structure has been solved recently partly based 
on cross-linking data [7]. In addition, we have calculated a database of all possible cross-linked 
peptides in this complex for interrogation by Mascot of MS1MS2 data of the late shifted SCX 
fractions. Validation by Yeun Yan of the nominations put forward by Mascot resulted in 
identification of 20 different intraprotein cross-links (Supplemental Table 3), 5 different 
interprotein cross-links (Table 3) and one decoy sequence. All cross-links are compatible with 
the TriCT/CCT-complex structure. This shows that zooming in on a protein complex of which 
cross-links were mapped by the Biner and Reang methods, can identify additional cross-links 
for more detailed 3D structural analyses. 

Notable cross-links and protein-protein interactions not observed previously 

Consulting the Worldwide Protein Data Bank (www.wwpdb.org) and databases of 3-D protein 
structural models [21-23, 36] reveals that the distances between Cα atoms of connected lysine 
residues in our dataset do not exceed 25.7 Å in the available 119 structures without notable 
exception (Supplemental Table 3, Table 3). This distance is the maximum reach of BAMG 
assuming a spacer length of 7.7 Å, a lysine side chain length of 6.5 Å and a coordinate error of 
2.5 Å.  

A peculiar set of 23 cross-links comprising 10 K residues in the region K145-K239, 
predicted to be disordered [37], was identified in the homopentamer nucleophosmin (NPM) 
[26]. One particular residue, K223 was found to be involved in 8 different cross-links 
(Supplemental Table 3). This suggests a high propensity of disordered regions to react with 
cross-linking agents.  

A remarkable cross-link connects two lysine residues that are separated by more than 
2000 residues in the sequence of the 500 kDa cytoplasmic dynein 1 heavy chain 1 (DYHC1) 
(Supplemental Table 3). The Cα atoms of corresponding residues in the crystal structure of a 
Dictyostelium discoideum dynein [38], having 52% sequence identity with human DYHC1, are 
at a distance of 15.7 Å. This is a striking example of the reliability of CXMS with our approach. 

Our dataset of interprotein cross-links reveals 8 protein-protein interactions not 
observed before (Tabel 2). Noteworthy in this respect is the interaction between vigilin 
(VIGLN) and replication factor C subunit 4 (RFC4), which is involved in DNA repair [39]. The 
interaction of VIGLN with RFC4 (Table 3) may indicate a role of vigilin in DNA repair, as has 
been suggested before based on its presence in a complex containing other proteins involved in 
repair and telomere maintenance [40].  

Another intriguing novel protein-protein interaction is revealed by a cross-link between 
the kinesin-like protein KIF1C and tubulin polyglutamylase TTLL7 (Table 3). 
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Polyglutamylation of tubulin, a reversible post-translational modification, promotes the 
interaction of certain kinesins with microtubuli [41]. KIFC1 is involved in the transport along 
microtubuli of integrin-containing vesicles to the plasma membrane [42]. It has been suggested 
that polyglutamylation may increase the processivity of kinesins [43]. The direct interaction 
between KIF1C and TTLL7 found here may be relevant for the regulation of polyglutamylation 
of tubulin and kinesin interaction with microtubuli.  

Discussion 

We have shown that the use of BAMG for CXMS enables both easy chromatographic 
enrichment of cross-linked peptides from complex digests, and generation in a single CID step 
of informative fragments for identification of target peptides. Moreover, the use of BAMG 
results in a low FDR of cross-link mapping by PFF from the entire human sequence database. 
Caenorhabditis elegans has been the only other eukaryotic organism subjected to cross-link 
analysis from an entire species sequence database of a complex protein extract digest. While the 
number of C. elegans genes is about half of that of the human genome, less cross-link were 
identified than in this study [5]. The favorable properties of BAMG and a new scalable 
synthetic route (Supplemental data) may render our analytical strategy an attractive alternative 
for the use of other approaches [5, 10] and for the use of recently developed cross-linkers [12], 
in particular gas phase-cleavable reagents[44, 45]. These cross-linkers, being provided with a 
handle for affinity chromatography, likewise enable isolation of target peptides, but have 
relatively long spacers, require an MS1MS2MS3 approach for cross-link mapping, and the 
search space for PFF at 5% FDR of MS3 fragments has thus far been confined to about 15% of 
the human sequence database [6]. Another reagent [46] may have MS/MS features [47] that 
would enable cross-link analysis in a similar way as the Reang approach.  

Recently, BAMG has also been used to isolate cross-linked peptides by a click-
chemistry-based approach [19], and was originally designed for the use of diagonal reversed 
phase chromatography to sort cross-link-derived TCEP-induced reaction products [15]. 
However, in the click-chemistry based approach cross-linked peptides lose their cleavability, 
while diagonal reversed phase chromatography is relatively inefficient for purification of target 
peptides, since retention time shifts are unpredictable for signal peptides and relatively small 
for cross-linked peptides upon reduction.  

The Reang approach yields about twice as much identifications as the Biner approach. 
With the latter it appeared that the early shifted fractions contained peptide lactones of which 
the parent cross-link was not detected in the late shifted fraction and vice versa. This can be 
explained both by variability in the stoichiometry and/or ionization efficiency of products of the 
TCEP-induced cleavage and reduction pathways, by the presence of peptide lactones in the low 
shifted fraction derived from type 0 cross-links, and by inefficient shifting of unmodified signal 
peptides to a shorter retention time than that of the parent fraction. The high frequency of 
productive cleavages of cross-links may explain the larger yield of identified cross-links in the 
Reang approach.  
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Despite the enrichment of target peptides by diagonal SCX chromatography, the set of 
identified cross-linked peptides forms only the tip of the iceberg of rich information present in 
the cross-linked protein preparation of high complexity. By further pre-fractionation of proteins 
and peptides or by targeted isolation of protein complexes, large numbers of cross-links can be 
identified in a workflow that is amenable to automation. Cross-linked peptide repositories will 
reveal interactions between proteins, the identify of which may yield new hypotheses about 
regulation of biological function, or new targets for drug development, while mapping of the 
interaction sites will lead to insight in the spatial arrangement of subunits in large assemblies, 
facilitating elucidation of molecular mechanisms of action. Also in vivo cross-linking is an 
interesting area worthwhile to be explored with the technology presented here. 

Acknowledgements 

We thank Dr. Jan H. van Maarseveen and Martin Wanner, Van ‘t Hoff Institute for Molecular 
Sciences, Biomolecular Synthesis Group, University of Amsterdam for the development of a 
new scalable synthetic route for BAMG 

Materials and Methods 

Software 

Codes for the software tools Biner, Reang and Yeun Yan were written in Visual Basic language for applications. 
Software tools were operated on a Microsoft Visual Basic platform. 

Proteins 

Nuclear extract from HeLa cells [48] was obtained from Cilbiotec, Mons, Belgium (Cilbiotech.be). A protein 
fraction with size distribution approx. 0.2 to1 megadalton was obtained by gel filtration of the nuclear extract on a 
Superose 6 10/300 GL column (GE Healthcare) operated on an Amerham Biosciences Akta FPLC platform in a 
medium containing 20 mM HEPES pH 7.9, 300 mM KCl, 0.2 mM EDTA, 0.1 mM DTT and 20% glycerol [49] 
(gel filtration buffer) at a flow rate of 0.5 ml.min-1. The absorbance at 280 nm of the effluent was continuously 
measured. As calibrants were used Blue dextran (2 megadalton, void volume marker), bovine thyroglobulin (669 
kDa), horse apoferritin (443 kDa), yeast alcohol dehydrogenase (150 kDa), bovine serum albumin (67 kDa) and 
horse cytochrome c (12 kDa). 

Synthesis of BAMG 

BAMG was synthesized as described [19] and stored dry at -20°C. We also developed a new scalable synthetic 
route for BAMG (Supplemental data).  

Cross-linking and digestion 

Nuclear extract proteins, size-fractionated by gel filtration, were cross-linked at a protein concentration of 
0.2 mg/ml in gel filtration buffer for 60 min at room temperature. The cross-link reaction was started by the 
addition of a solution containing 80 mM BAMG in acetonitrile to obtain a final concentration of 0.4 mM BAMG 
and 0.5% acetonitrile. The reaction was quenched by adding 1 M Tris-HCl pH 8.0 to a final concentration of 50 
mM. Subsequently, the protein was concentrated with 0.5 ml Amicon Ultra 10 kDa cut off centrifugal filters 
(Millipore). SH-groups were alkylated by addition of a solution of 0.8 M iodoacetamide, followed by the addition 
of a solution of 9.6 M urea to obtain final concentrations of 40 mM iodoacetamide and 6 M urea, resp. Incubation 
was for 30 min at room temperature in the dark. The solution was diluted 6 times by the addition of 40 mM Tris-
HCl pH 8.0 and digested with trypsin overnight at 37°C at a 1:100 (w/w) ratio of enzyme and substrate. Peptides 
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were desalted on C18 reversed phase TT3 top tips (Glygen), eluted with 0.1 % TFA in 50% acetonitrile and dried 
in a vacuum centrifuge. 

Diagonal strong cation exchange (SCX) chromatography 

Peptides in 50 μl 0.1% TFA in 20% acetonitrile were diluted with 1 ml of a solution containing 10 mM potassium 
phosphate buffer, pH 2.9 in 20% acetonitrile (buffer A) for loading on a Polysulfethyl aspartamide column (2.1mm 
ID, 10 cm length) (PolyLC Inc., Columbia, USA) operated on an Ultimate HPLC system (LC Packings, 
Amsterdam, The Netherlands). Elution, at a flow rate of 0.1 ml.min-1, was performed using a linear gradient from 0 
to 250 mM KCl in buffer A over 20 min followed by a gradient over 10 min to 500 mM KCl in buffer A. 
Absorbance at 214 nm of the effluent was continuously recorded . Ten minutes after the start of the KCl gradient 
the effluent was manually collected in 0.2 ml fractions. Collected peptides were desalted on C18 reversed phase 
TT2 top tips (Glygen), eluted with 0.1 % TFA in 50% acetonitrile and dried in a vacuum centrifuge. For secondary 
SCX runs, peptides were dissolved in 20 µl 40 mM TCEP in 20% acetonitrile and incubated for 2 h at 60°C. The 
reaction medium was diluted with 1 ml buffer A just before loading. Elution occurred under the same conditions as 
in the primary run. After the start of the KCl gradient, material with absorbance at 214 nm was collected until 2 
min before the elution time start of the primary fraction (early shifted material). Two min after the end of the 
elution time of the primary fraction, material was collected when the absorbance at 214 nm started to rise again 
until it came back to base level (late shifted fraction). Collected effluent was lyophilized, solubilized in 0.1% TFA, 
and desalted using C18 Ziptips (Millipore). Peptides were eluted from the Ziptips with 0.1% TFA in 50% 
acetonitrile and dried in a vacuum centrifuge. 

Mass spectrometry 

LC-MS1MS2 data were acquired with an ApexUltra Fourier transform ion cyclotron resonance mass spectrometer 
(Bruker Daltonic, Bremen, Germany) equipped with a 7T magnet and a nano-electrospray Apollo II DualSource™ 
coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, USA) HPLC system. Peptides were injected as a 10 μl 0.1% 
trifluoroacetic acid, 3% acetonitrile aqueous solution and loaded onto a PepMap100 C18 (5-μm particle size, 100-
Å pore size, 300-μm inner diameter x 5 mm length) precolumn. Following injection, the peptides were eluted via 
an Acclaim PepMap 100 C18 (3-µm particle size, 100-Å pore size, 75-μm inner diameter x 250 mm length) 
analytical column (Thermo Scientific, Etten-Leur, The Netherlands) to the nano-electrospray source. A 60 min 
(early shifted material) and a 120 min gradient profile (late shifted material) was used from 0.1% formic acid / 3% 
CH3CN / 97% H2O to 0.1% formic acid / 50% CH3CN / 50% H2O at a flow rate of 300 nL/min. In each MS duty 
cycle up to 3 data dependent Q-selected peptide ions were fragmented in the hexapole collision cell at an Argon 
pressure of 6x10-6 mbar (measured at the ion gauge) using a CID activation kinetic energy profile optimized for 
different peptide charge states. Target peptides already selected were dynamically excluded for 25 seconds. The 
resulting fragment ions were detected in the ICR cell at a resolution of up to 60000. The instrument was mass 
calibrated at 1.5 ppm over an m/z  range up to 1400 using the CID fragment ions from off-line electrosprayed 
human [Glu1]-fibrinopeptide (Sigma-Aldrich).  

Data processing (general) 

Raw LC-FTMS1MS2 data from the early shifted fractions were processed with the MASCOT DISTILLER 
program, version 2.4.3.3 (64bits), MDRO 2.4.3.1 (MATRIX science, London, UK). Peak-picking for both MS1 
and MS1MS2 spectra were optimized for mass resolution of up to 60000. Peaks were fitted to a simulated isotope 
distribution with a correlation threshold of 0.75, and an S/N threshold of 2. Processed data were exported in 
Mascot generic file format (mgf).  

Raw LC-FTMS1MS2 data from the late shifted SCX fractions were processed with the DataAnalysis 4.0 
SP2 (Bruker Daltonic, Bremen, Germany) program. Monoisotopic masses of the peptides and fragment ions were 
determined using Bruker’s peak recognition technology SNAP IITM, with a quality factor threshold of 7.0, an S/N 
threshold of 1.2 and a maximum charge state of 7. Processed data were exported in Extensible Markup Language 
format (xml) which includes both survey MS and MS1MS2 data sets and were mass calibrated using the DeCAL 
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[50] and COFI [51] methods, respectively, to correct for space charge effects. Calibrated data were exported in 
peak list format (pkl). 

Data processing by Reang 

A software tool named Reang has been developed for the further processing of pkl files of the late shifted material. 
Reang identifies precursor ions, potentially corresponding to a cross-linked peptide pair A and B, showing 
evidence for cleavage of the amide bonds in the presumed cross-link. Such cleavage events result in product ions 
of the unmodified peptides A and B and in modified peptides Am and Bm fulfilling the following mass 
relationships 

MA + MBm = MAm + MB = MP (equation 1) 

MAm = MA + Mm (equation 2) 

MBm = MB + Mm (equation 3), 

where MP is the mass of the precursor P, MA and MB are the masses of peptide A and peptide B, resp., and MAm 
and MBm are the masses of peptide A and B modified with the remnant m of the cross-linker with elemental 
composition C6H7NO2, corresponding to a mass of 125.0477 Da. Reang identifies within a mass error of 6 ppm (i) 
pairs of mass values of fragment ions > 500 Da differing 125.0477 Da, i.e. a candidate MAm and MA pair or  MBm 
and MB pair; the mass values of the other pair are calculated from eq. 1-3, (ii) pairs of mass values for A and B 
fulfilling the equation MA + MB + 125.0477 = MP, (iii) pairs of mass values for Am and Bm fulfilling the equation 
MAm + MBm -125.0477 = MP and (iv) pairs of mass values of which the sum is equal to MP; this case yields two 
possible masses for peptide A and peptide B. In the second step of the data processing by Reang, each entry in the 
MS1MS2 data file yielding candidate masses for A, B, Am and Bm in this search is then replaced by four (in cases 
(i)-(iii) or eight (in case (iv)) new entries in pkl file format. The new pkl files are input for Mascot to nominate 
candidate peptides for A, Am, B and Bm by interrogating the human sequence database containing both forward 
and reversed sequences. For the new series of pkl files, Reang replaces the original precursor ion m/z value 
subsequently by the m/z values of the candidate composing peptide ions A, B and their lactam modifications, and 
the list of fragment ions is sorted to contain only species not exceeding the mass of the new precursor. So, each 
entry in the original MS1MS2 data files of the late shifted material can yield either one set of four or one set of 
eight pkl file entries, or multiple sets of four or eight pkl file entries, dependent on the frequency of occurrence of 
peptide pairs fulfilling the mass relationships corresponding to equation 1, 2 or 3.  

Peptide identification 

For peptide identification by Mascot [52] the UniProt human protein database [53] containing both forward and 
reversed sequences [54] was interrogated for (i) candidate unmodified tryptic peptides, (ii) candidate peptides 
modified at K by a remnant of BAMG in the form of a lactone as a result of TCEP treatment in solution, adding 
126.0317 Da to the mass of the peptide, and (iii) candidate peptides modified by a remnant of BAMG at K as a 
result of CID in the gas phase, adding 125.0477 Da to the mass of the peptide. For identification of category (i), 
(ii) and (iii) peptides, two missed cleavages were allowed. For nomination by Mascot of candidate reduced type 2 
cross-linked peptides (category iv), a database was calculated with xComb version 1.2 [14] from forward and 
reversed sequences of target proteins, based on a maximum of two missed cleavage per peptide and a minimum of 
four amino acids residues for a peptide. Both b and y fragment ions, and b and y fragment ions resulting from 
water loss (b0, y0) and from ammonia loss (b*, y*) are taken into account by Mascot for nomination of candidate 
(i) and (ii) peptides in the early shifted fractions and for nomination of candidate iv peptides in the late shifted 
fractions. For nomination by Mascot of candidates (i) and (iii) from MS1MS2 data files processed by Reang only b 
and y ions without loss of water or ammonia are taken into account. Mass accuracy settings for precursor and 
fragments in searching by Mascot were 10 ppm and 0.01 Da, resp. for candidates (i) and (ii) in early shifted 
fractions, 10 ppm and 0.02 Da resp. for candidates (iv) in late shifted fractions, and 6 ppm and 0.01 Da for data 
files processed by Reang. No threshold for the Mascot ions score was taken into account for the nomination of 
candidates i-iv.  
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Cross-link mapping with the signaled cross-linked peptide database approach (Biner approach) 

For each secondary diagonal SCX chromatographic run the software tool Biner combines pairs of signal peptides 
A or Al and B or Bl, i.e. peptide lactones (Al and Bl) and peptides (A and B) with a K residue not at the C-
terminus, nominated by Mascot in the early shifted fractions, and calculates for each possible pair the mass of a 
corresponding type 2 BAMG-cross-linked peptide with the azido group reduced to an amine group. Biner then 
compares the calculated mass of the combined pairs with the mass of precursor ions (MS1 spectrum) selected for 
MS2 from the corresponding late shifted material. Hits within 10 pm mass accuracy are candidates of which the 
proposed identity is validated by the Yeun Yan software tool. For mass calculation of all possible cross-linked 
combinations of signal peptides the following mass relationships are used 

MA + MBl = MX + 0.9840 (equation 4) 

MAl + MB = MX + 0.9840 (equation 5) 

MA + MB = MX + 0.9840 - 126.0317 (equation 6) 

MAl + MBl = MX + 0.9840 + 126.0317 (equation 7) 

in which MX is the mass of a type 2 BAMG-cross-linked peptide X with the azido group converted into an amine 
group; MA and MB are the masses of peptides A and B, resp., each with an unmodified K residue not at the C-
terminus, and MAl and MBl are the masses of peptides A and B, resp., each modified at a K residue not at the C-
terminus by the lactone remnant l of the cross-linker with elemental composition C6H6O3, corresponding to a mass 
of 126.0317 Da.  

Candidates proposed by Biner after mass matching with MS1 data from the late shifted material are 
provided with the following information: calculated mass of the candidate cross-linked peptide, sequences and 
masses of the composing peptides and the Uniprot code of the parent proteins and residue numbers of the 
composing peptides. The protein code is preceded by re if it concerns a protein from the decoy database.  

Cross-link mapping with the sequence database approach (Reang approach) 

For this approach the pkl files of the late shifted material processed by Reang were used in a Mascot search from 
the human sequence (forward + reversed) database for peptides with an unmodified K not at the C-terminus or 
with a K not at the C-terminus modified by a remnant of the cross-linker in the form of a lactam adding a mass of 
125.0477 to the peptide. Reang assembles a candidate cross-linked peptide from the candidate composing peptides 
nominated by Mascot for validation by Yeun Yan. Candidates proposed by Reang are provided with the same 
information as in the Biner approach. 

Validation 

The Yeun Yan software tool is used for validation of cross-links proposed by the Biner and Reang approaches. 
Also an ions score is calculated by Yeun Yan to provide a measure for the degree of matching of the experimental 
MS1MS2 spectrum with the theoretical spectrum. For proposed candidate cross-linked peptides Yean Yan 
calculates the masses of possible b and y fragments, b and y fragments resulting from water loss (b0, y0) and 
ammonia loss (b*, y*), fragment ions resulting from cleavage of the amide bonds of the cross-link, and b, b0, b*, 
y, y0 and y* fragments resulting from secondary fragmentations of cleavage products. A prerequisite for 
nomination by Yeun Yan as a candidate and calculation of the corresponding score is the presence of at least one 
unambiguous y ion per composing peptide. The YY score is calculated according to the equation 

YY score = yA×yB×(fass/ftot)2 (equation 8) 

in which yA and yB are the numbers of unambiguously matching y ions of peptide A and peptide B, respectively, 
fass is the total number of matching fragment ions, including b and y fragments, b and y fragments resulting from 
water loss (b0, y0) and ammonia loss (b*, y*), fragment ions resulting from cleavage of the amide bonds of the 
cross-link, and b, b0, b*, y, y0 and y* fragments resulting from secondary fragmentations of cleavage products, 
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and ftot is the total number of fragments taken into account for the total number of matching fragments, starting 
from the fragment ion of highest intensity. 

 A candidate intraprotein cross-linked peptide for a precursor ion nominated by Yeun Yan in the Biner and 
Reang approaches is assigned if the number of unambiguously matching y ions to each of its composing peptides 
is the same as or higher than the number of unambiguously matching y ions to each of the composing peptides in 
possible other candidates for that precursor. The possibility that two different intraprotein candidates are put 
forward for the same precursor is not taken into account since it did not occur. We consider a cross-linked peptide 
pair from the same protein to be an intramolecular cross-link, unless the two composing peptides have identical or 
overlapping sequences. For a precursor ion of which no intraprotein cross-link was assigned according to the 
previous criterion, an interprotein cross-link candidate, or a decoy cross-linked peptide, is assigned if it fulfills all 
of the following criteria (i) composing peptides contain at least 6 amino acid residues, (ii) the YY score is higher 
than the YY score of possible other candidates for a given precursor; in case two or more candidates with different 
sequences have equal highest scores no assignments will be put forward, (iii) the MS2 spectrum contains at least 2 
unambiguously matching y ions for each composing peptide and (iv), the YY score is at least 2.6.  

False discovery rate (FDR)  

The following definition of FDR is used  

FDR = [FP/(TP + FP)] × 100% (equation 9), 

in which FP is the number of decoy peptide MS1MS2 spectra fulfilling the criteria for assignment of interprotein 
cross-linked peptides, TP is the number of assigned target peptide spectra using different criteria for intraprotein 
cross-links and interprotein cross-links. 
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