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Abstract 

Chemical cross-linking coupled to mass spectrometric analysis (CXMS) of peptides is a 
powerful method to validate models of the 3-D structure of protein complexes that have 
escaped experimental high resolution structural analysis. Efficient CXMS requires enrichment 
of the low abundant cross-linked peptides. In the previous chapter the enrichment of cross-
linked peptides via a [3+2] cycloaddition was described using an azido-labeled cross-linker and 
a cyclooctyne-conjugated resin. However, the used cyclooctyne has a relatively low reactivity 
towards azides and the resulting peptides after cycloaddition and subsequent release from the 
resin are quite hydrophobic, hampering convenient analysis. In this chapter, a more reactive and 
more hydrophilic monofluoro-substituted cyclooctyne (MFCO) was introduced to a solid-
support and subsequently coupled to azide-containing peptides. After release from the solid 
support the expected compounds were the main products, but unknown side reactions were also 
detected. Moreover, loss of hydrogen fluoride was observed both prior to and during collision-
induced peptide fragmentation. This hampered the identification of cross-linked peptides. We 
conclude that an MFCO resin used under our experimental conditions is not suitable for the 
enrichment and mass spectrometric identification of cross-linked peptides. 
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Introduction 

The spatial structure of proteins and their mutual interactions is a key to understand the 
functioning of living cells. Several approaches are used to investigate 3D structures and 
interactions of proteins. X-ray crystallography is considered as the most powerful technique for 
obtaining high-resolution 3D structures [1]. However, this technique suffers from the 
unpredictability of conditions required for protein crystallization, particularly for multi-subunit 
proteins. The alternative approach providing a high resolution of 3D structure of proteins is 
nuclear magnetic resonance (NMR) spectroscopy. However, although recent developments in 
NMR techniques accomplish the structural analysis of biological assemblies as large as 900 
kDa, i.e. the GroEL–GroES complex [2], and enable probing weak protein-protein interactions 
[1], NMR spectroscopy is basically still limited to small proteins (< 300 amino residues). 

 Chemical cross-linking combined with mass spectrometry (CXMS) has been used for 
structural and functional analysis of proteins since the last decade. By introducing chemical-
cross-links to connect reactive groups on side-chains of amino residues, information about the 
folding of subunits and their mutual interaction sites in protein complexes can be revealed. 
After cross-linking, the protein (complex) under study is subsequently cleaved into peptides by 
a proteolytic enzyme. In a typical proteomic study, the most commonly used enzyme is trypsin, 
a serine protease that cleaves peptide bonds after the amino acids lysine or arginine. The 
resulting peptide mixtures composed of unmodified peptides, peptides containing a singly 
modified residue (type 0) and intra-peptide cross-links (type 1), along with the most interesting, 
but rare inter-peptide cross-links (type 2), are then subjected to liquid chromatography coupled 
to tandem mass spectrometry (LC-MS1MS2). In this approach, the complexity of the peptide 
mixtures is reduced by reversed-phase chromatography and the eluted compounds are ionized 
and then subjected to mass spectrometric analysis for peptide identification. Identification of 
cross-linked peptides implies elucidation of the amino acid sequences of the two composing 
peptides and determination of the identity and position of the linked amino acid residues. The 
maximal distance between Cα of linked amino residues at the time of cross-linking is 
determined by the sum of the spacer length of the cross-linker, and the side-chain lengths of 
linked residues [3]. This distance constraint and an estimated coordinate error for mobile 
surface residues and protein segments combined with other experimental or computational 
approaches can be used to obtain detailed models of the 3-D structure of proteins and protein 
complexes.  However, CXMS is analytically challenging. To prevent a protease-resistant state 
as well as to avoid cross-link-induced conformational changes, the protein sample must be 
cross-linked only partially. As a consequence, the abundance of cross-linked peptides may be 
extremely low, implying that they can easily fall below the detection limit of the mass 
spectrometer. To enhance the effectiveness of CXMS, therefore, the selective enrichment of 
cross-linked peptides prior to mass spectrometric analysis is ineluctable. 

 Recent studies have focused on developing enrichment methods for cross-linked 
peptides to increase the potential of CXMS. Tryptic digestion followed by strong cation 
exchange chromatography (SCX), prior to LC-MS1MS2, has been utilized as a technique to 
partially separate cross-linked peptides from their linear counterparts [4, 5]. At acidic pH, most 
of the tryptic-linear peptides are characterized by net charge of +2 brought about by a 
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protonated α–NH2 group at N-termini and a protonated lysine or arginine side-chain at C-
termini, while acidic amino acid side chains are uncharged. Cross-linked peptides are composed 
of two linear peptides, thereby accommodating at least four net positive charges. This allows 
separation of linear and cross-linked peptides based on their charges. Although SCX has been 
used successfully to some extent, its selectivity is still relatively low due to the presence of both 
positively charged histidine residues, KP and RP sequences which are not cleaved by trypsin 
and to incomplete cleavage of trypsin at some other sites (missed cleavages), so that linear 
peptides have overlapping elution times with those of cross-linked peptides. Hence a 
complementary approach to filter out cross-linked peptides prior to or after SCX is still needed. 

 Affinity tag-containing cross-linkers are widely used to accomplish the sequestration of 
cross-linked peptides out of the unmodified ones [6-8]. In general, the affinity group is tagged 
on the spacer of a homobifunctional cross-linker. In a typical CXMS experiment, after cross-
linking followed by tryptic digestion, the resulting peptides are subjected to the purification 
reaction/process. At this step, the peptides containing tagged cross-linkers bind specifically to a 
compound typically immobilized on the solid-phase. Binding can be noncovalent, for instance 
by using biotin as a cross-linker tag and solid-phase avidin or streptavidin, or covalent, as in 
case of Cu-catalyzed [9] or strain promoted [10] [3 + 2]-cycloadditon reactions. The unbound 
material is subsequently washed away. The bound material is then eluted from the solid-
support. Although affinity-tagged cross-link strategies have been successfully introduced to 
study the conformation of proteins, its drawbacks, e.g., low resolution caused by a lengthy 
spacer of the cross-linker, increasing hydrophobicity after enrichment of cross-linked peptides, 
low fragmentation efficiency in mass spectrometric analysis, or generating of unwanted 
products in side reactions, leave room for improvement.   

 The development of a solid phase support to selectively isolate azide-containing 
peptides was described by Nessen et al [8]. In this approach, enrichment of azidohomoalanine-
containing peptides and azide-containing cross-linked peptides was achieved via coupling to an 
azide-reactive cyclooctyne (ARCO)-conjugated resin of poly-dimethylacrylamide (PL-DMA) 
beads. In the previous chapter we demonstrated the usefulness of this technology by identifying 
several cross-links in a large biological assembly, the 350 kDa RNA polymerase from Bacillus 
subtilis. However the solid phase support enrichment method using the ARCO-beads still has 
drawbacks that need to be improved. A major inconvenience was the tendency of type 2 cross-
linked peptides released from the ARCO beads to aggregate. To cope with this problem, 
peptides were dissolved immediately before LC-MS1MS2 analysis, after being dried in a 
vacuum centrifuge from a solution containing TFA. This procedure was used before to 
solubilize aggregating amyloid peptides [11]. A second drawback was the late elution of the 
peptides in a small time window in the reversed phase liquid chromatography step prior to 
MS1MS2 analysis, making this LC fractionation relatively inefficient.  Both problems are 
possibly related to the phenyl moiety in the used cyclooctyne that renders the target peptides 
very hydrophobic after release from the resin. Thirdly, the coupling reaction of the BAMG-
cross-linked peptides to the cyclooctyne requires long incubation times (24 hr.) at elevated 
temperatures (40°C). Therefore an alternative solid phase support enrichment method which 
does not influence the hydrophobicity of peptides and involves short-term incubation for 
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reaction is more desirable. Here we test the effectiveness of a new solid phase support 
enrichment method using monofluoro-cyclooctyne (MFCO) as a reactive group.  

Results and discussion 

Choice of MFCO for BAMG-cross-linked peptides enrichment 

In this work we assess the suitability and the efficiency of a solid-phase strain-promoted 
alkyne-azide cycloaddition reaction for isolation and identification of cross-linked peptides 
from peptide mixtures. The enrichment of BAMG-cross-linked peptides by coupling to resins 
using strain-promoted alkyne-azide cycloaddition for CXMS developed by Nessen et al. [8] can 
be improved by a faster coupling of target peptide to the beads and by decreasing the 
hydrophobicity of released peptides. A new monofluoro-cyclooctyne (MFCO) [12] seemed 
suitable for a solid phase enrichment approach of cross-linked peptides. Unlike the cyclooctyne 
(Fig. 1, compound D) used in the previous chapter MFCO (Fig. 1, compound E) does not 
contain a hydrophobic benzene ring [13]. Therefore, the hydrophobicity of the products after 
coupling to the resin is less influenced. Furthermore, the second order rate constant of the 
reaction of azido-compounds with MFCO (cyclooctyne 2, Fig. 1) is about one order of 
magnitude faster than with cyclooctyne 1 [13]. The aim of this investigation was to test the 
effectiveness of the analytical strategy as depicted in Fig. 1. 

Synthesis of the MFCO resin 

The MFCO resin was synthesized using the procedure described for the ARCO resin synthesis 
[8] (Fig. 2). Firstly, a cleavable disulfide bond linker was introduced to a poly-
dimethylacrylamide (PL-DMA) resin via an amide bond formation of cystamine with the 
methyl ester on the PL-DMA resin in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU). The time course of cystamine coupling to PL-DMA resin was followed by measuring 
free -SH groups after reduction and free -NH2 groups (Table 1).  
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Fig. 1 Overview of the procedure and chemicals used for the enrichment of cross-linked peptides. To obtain spatial 
distance information, proteins are cross-linked with bis(succinimidyl)-3-azidomethyl glutarate (BAMG). After 
cross-linking, proteins are digested and the obtained peptide mixture is incubated with the MFCO-resin. After 
capturing and subsequent cleavage from the resin, enriched peptides are fractionated by SCX chromatography and 
analyzed by mass spectrometry. A, workflow of the enrichment method. B, structure of the azide-containing cross-
linker bis(succinimidyl)-3-azidomethyl glutarate (BAMG). C, structure of BAMG-cross-linked peptide. BAMG 
adds 151.0 Da to type 1 and type 2 cross-links and 169.1 Da to type 0 cross-links. D, ARCO-resin, consisting of a 
poly-dimethylacrylamide solid support, a disulphide as cleavable linker and a cyclooctyne as reactive group 
towards azides. E, MFCO-resin, consisting of a poly-dimethylacrylamide solid support, a disulphide as cleavable 
linker and a cyclooctyne as reactive group towards azides. F, BAMG-cross-linked peptide captured by MFCO 
resin, via the strain-promoted azide–alkyne cycloaddition, azide-containing peptides are captured on the resin. G, 
enriched cross-linked peptides. The modification adds 437.16 Da to type 1 and type 2 cross-links and 455.16 Da to 
type 0 cross-links.  
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Fig. 2 Scheme of work of MFCO synthesis. To introduce a cleavable disulfide bond to the resin, the amide bond 
formation of cystamine and the methyl ester is introduced in the presence of DBU.  Time course of coupling of 
cystamine to PL-DMA resin can be followed either by the presence of free amine groups (-NH2) or free -SH 
groups after reduction (-SH2). The coupling of MFCO ((R-CO2-H; see Fig. 1) to the resin-bound amine by 
activation with a solution of HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluorophosphate) and diisopropyl-ethyl-amine (DIPEA), yielded the desired cyclooctyne derivatized resins: 
azide-reactive cyclooctyne (MFCO) resin. 

The initial degree of functionality of PL-DMA resin is approximately 1 mmol/g. After 
incubating the resin with cystamine for 17 hr., approximately 0.6 mmol/g free –SH groups were 
detected, indicating that approx. 60% of the loading capacity was used. The number of free –
NH2 groups was approximately 40% lower. This can be attributed either to the introduction of 
cystamine cross-links in the resin, or to possible loss of part of the resin during the large 
number of washing steps required for the determination of free-NH2 groups by the 
bromophenol blue test [5]. 

 

Table 1 Time course of the coupling of cystamine to PL-DMA resin 
Time (h) Free -SH groups (mmol/g) free -NH2 groups (mmol/g) 

4 0.12 0.15 
17 0.6 0.35 

 

As the last step, the carboxylic acid group of MFCO was coupled to the resin-bound amine by 
activation with a solution of HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluorophosphate) and diisopropyl-ethyl-amine (DIPEA). This yielded the desired 
cyclooctyne derivatized resin: azide-reactive cyclooctyne (MFCO) resin. The amount of azide-
reactive groups on the resin was determined by following the reaction with Fmoc-
azidohomoaline. To this end we measured the UV absorption at 300 nm of the fluorenyl group 
liberated from base-induced cleavage of the Fmoc-group (Table 2). The loading reached a 
maximum level after about 2 h and was approximately 0.1 - 0.13 mmol/g. This value is about 
three times lower than the amount of available free NH2 groups (Table 1). It is possible that 
only part of the free NH2 on the cystamine-conjugated beads were used for MFCO coupling or 
that of the Fmoc cleavage was not complete. 
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Behavior of the MFCO resin 

Enrichment of azide-containing peptides by the MFCO resin 

The suitability of the MFCO-resin for an enrichment strategy based on [3+2] strain promoted 
reaction was first studied using model peptides. The azidohomoalanine-containing peptide 
Pan016 was coupled to the resin as described in Materials and Methods. After removal of 
unreacted peptides, the captured material was liberated from the resin via reduction of the 
disulfide bond in the spacer between MFCO and the PL-DMA resin by TCEP. SH-groups in the 
released material were alkylated with iodoacetamide and the modified peptides were desalted 
and subsequently analyzed by MALDI-TOF MS. Fig 2 shows the MS spectra of Pan016 before 
coupling to the beads and after release from the beads. The m/z value of the main peak in the 
spectrum after release corresponds to the expected value of Pan016 conjugated with the MFCO 
moiety after reduction and alkylation. This modification corresponding to a group with 
elemental composition C19H24FN5O4S adds 437.16 Da to the mass of the peptide. A product at 
∆ = -20 Da from the main peak with an intensity approx. 25% of the main peak corresponds to 
the loss of HF. In addition, several products from unknown side reactions were also seen as 
minor peaks. These unknown products were not observed in the enrichment of azide-containing 
peptides by the ARCO resin. Similar result was observed with the peptide Pbn007 with the 
sequence PPHHHHHHPPRGFGXGFR, (data not shown).  

 

 

Table 2 Time course of the coupling of Fmoc-azidohomoalanine to the MFCO-resin 
Time (min) loading (mmol/g) 

20 0.05 
40 0.04 
80 0.13 
120 0.10 
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Fig. 3 Enrichment of a single model peptide shows the selective reaction and release of the peptide with MFCO 
resin. A model peptide (Pan016), containing a single azidohomoalanine residue at position X was incubated for 2 
hours at RT with the resin. MALDI-TOF spectra of: A, Peptide before addition to the resin. B, Enriched peptide by 
the MFCO-resin X: azhal.  ♦: loss of N2 and uptake of 2 H. *: loss of HF, : unknown compounds. 

 

Enrichment and identification of Cytochrome c cross-linked peptides 

The presence of many side products observed after capturing of the peptides Pan016 and Pb007 
to MFCO beads and release from the resin already suggest that the used cyclooctyne may be 
unsuitable for enrichment and identification of cross-linked peptides from complex biological 
assemblies. This supposition was amply confirmed by testing the usefulness of the MFCO 
beads to isolate and identify cross-linked peptides from cytochrome c. After cross-linking with 
BAMG, cytochrome c was digested by trypsin and the digest was incubated with the MFCO-
resin. After thorough washing to remove unreacted peptides, the conjugated material was 
released by reduction of the cleavable disulfide-bond and free SH-groups were alkylated by 
iodoacetamide. The modified released peptides were fractionated by strong cation exchange 
chromatography (SCX) as depicted in Fig. 4. Mass spectrometric analysis was performed on the 
LC-QTOF-MS1MS2 system only with fraction 3 and 4. The MS1MS2 spectra after processing of 
the raw data by MassLynx v.2.2 was used for a search by Mascot v 2.0 using MFCO moiety 
and its loss of HF as a variable modification for identification of unmodified and modified 
peptides.  

 The amount of liberated MFCO-enriched material as observed by SCX based on the 
absorbance at 214 nm in this study (Fig. 4) was similar to the yield of BAMG-conjugated 
peptides from cytochrome c obtained with ARCO beads. However, only two precursor ions 
with an expected mass corresponding to one of the twelve type 2 cross-linked peptides 
identified with the ARCO-resin approach were selected for MS1MS2. This poor result was 
further worsened, since none of the two were identified by Mascot. Two type 0 cross-linked 
peptides were the only species that were identified by Mascot (results not shown), despite the 
large number of precursor ions selected for MS1MS2.  

By careful inspection of the data we noted three remarkable features that could explain 
at least part of the poor identification results. (i) in-source loss of HF, (ii) presence of side 
products selected for MS1MS2 and (iii) some spectra could be interpreted correctly manually; 
actually the quality of these spectra was such that we did not understand why no correct 
identification was brought forward by Mascot.  

The MS1MS2 file contained a precursor ion with mass 1855.99 of which the MS1MS2 
spectrum corresponds to a type 2 cross-linked peptide involving K86 and K88, observed before 
with the ARCO beads approach. However the expected mass of this peptide is 1875.99, the 20 
Da mass discrepancy with the measured mass suggesting the loss of HF in the ion source. This 
problem can be circumvented by calculation of a database of cross-linked peptides in which the 
loss of HF has been taken into account. However, this would give only a slight improvement, 
since only one type 2 cross-linked peptide could have been nominated by Mascot (Table 3, 
K86-K88 cross-link). Furthermore, the MS1MS2 file shows 6 pairs of selection precursor ions 
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with a mass difference of 20 Da, suggesting the presence of species of which both the HF-
containing and the HF-lacking counterparts were selected for MS1MS2. However in 11 of the 
cases the parent mass did not correspond with a BAMG-conjugated peptide observed with the 
ARCO beads approach. This suggests that such precursors are the result of side reactions during 
capturing and release from the MFCO beads.  

Loss of HF was also observed during peptide fragmentation by electrospray-LC-
MS1MS2. This phenomenon was problematic since often no further fragmentation was 
observed, resulting in a very low intensity of fragmented ions for peptide fragment finger print 
analysis. A similar phenomenal was also observed with another fluorine-containing azide-
reactive cyclooctyne (F-ARCO) [10]. 

An example of a product of a side reaction is a precursor ion with m/z 500.9541 (3+) of 
which the fragment spectrum is shown in Fig. 5 The fragment ions of this precursor ion 
perfectly fit to a mass spectrum profile of peptide sequence KIFVQK from cytochrome c, 
however its precursor mass does not match to any theoretical mass of candidates in the 
database. An example of a precursor ion that was unexpectedly not identified by Mascot had an 
m/z value of 681.85 (2+) corresponding to the expected mass of a previously identified BAMG-
conjugated peptide, i.e., a type 0 cross-link concerning the peptide with sequence MIFAGIKK. 
While a y series of fragments was completely lacking in the fragment spectrum, we observed 
some b ions that apparently did not enable peptide identification by Mascot (Fig. 5). 

 

 

Fig. 4 SCX chromatographic profiles of liberated MFCO-enriched materials at pH 2.9 using linear gradient. 
Continuous black curve is the absorption at UV 214 nm of sample. Curve A and B; unbound and unreacted 
cyclooctynes, C; the liberated MFCO-enriched materials eluted with linear gradient from 0% to 60% over 40 min, 
dashed curves; a percentage of buffer B (1 M KCl). Number 1 – 4 indicate the number of SCX fraction.  
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Fig. 5 Product of unknown side reaction. Fragmentation spectrum of the precursor ion m/z 681.85, 2+ contains 
fragmented ions fit to type 0 cross-link, i.e. MIFAGIKK from cytochrome c. However, this precursor ion was 
unexpectedly not identified by Mascot. 

 

Conclusion 

In this chapter, the MFCO resin for enrichment of BAMG cross-linked peptides was 
synthesized and the efficiency for the isolation and identification of cross-linked peptides was 
tested. After capturing of model peptides, the expected products corresponded to the main 
peaks in a mass spectrum but several minor peaks resulted from unknown reactions were also 
observed. This became more severe in a more complex sample, cytochrome c. Mascot 
completely failed to nominate cross-linked peptide candidates. Only few precursor ions could 
be manually identified as cross-linked peptides. Moreover, loss of HF occurred during 
electrospray ionization in LC-MS1MS2 experiments either prior to or after peptide 
fragmentation. This became a problem for the identification of cross-linked peptides since often 
the HF-deficient products were not further fragmented resulting in insufficient peptide sequence 
information. This complication, combined with the occurrence of side reactions, force us to 
conclude that the use of the MFCO resin is not suitable for the enrichment and identification of 
cross-linked peptides in larger complexes. Compared to MFCO resin, the enrichment of BAMG 
cross-linked peptides using ARCO resin is more preferable, although the handling of peptides 
after release from the beads was not without problems. Because of this disadvantage we 
focused our attention to a completely different approach of cross-link analysis using BAMG in 
the remaining part of this thesis.  
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Table 3 Complete overview of all cross-link modified peptides found for cytochrome c after enrichment by the 
MFCO-resin in comparison with ARCO-resin 

Cross-
link type 

Theoretical 
Mass (Da) 

Linkages identified  
(ARCO resin [10]) 

Distance  
(Å) 

 

Linkages identified  
(MFCO resin) 

Fraction  
no. 

    No loss 
of 

HF/H2O 

Loss of 
HF/H2O 

before CID 

Loss of 
HF/H2O 

during CID 

 

2 1329.65 K7 - K100 9.3  - - 4 
2 1472.83 K8 - K87 17.2 - - - 4§ 
2 1875.99 K86 - K88 6.5 -  - 4 
2 1972.03 K5 - K8 6.3 - -  4 
2 2088.10 K55 - K73 13.2 - - - 4§ 
2 2149.16 K73 - K86 16.1 - - - 4§ 
2 2880.40 K60 - K87 17.4 - - - - 
2 2966.48 K39 - K55 8.6 - - - - 
2 3497.74 K72 - K86 15.9 - - - 4§ 
2 3608.79 K72 - K79 10.6 - - - - 
2 3994.98 K60 - K99 9.3 - - - - 
2 4114.95 K39 - K60 9.7 - - - - 
1 1097.55 K87 - K88 3.8 -   4 
1 1383.75 K7 - K8 3.8 -   4 
1 1471.78 K86 - K87 3.8 -   4 
1 1857.98 K86 - K88 6.5 - - - - 
1 1954.01 K5 - K8 6.3 - - - 4§ 
1 2003.05 K73 - K79 14 - - - 4§ 
1 2112.06 K25 - K27 5.6  - - 3 
1 2277.06 K39 - K53 10 - -  4 
1 2330.14 K99 - K100 3.8 - - - 4§ 
1 2719.30 K72 - K73 3.8 - - - - 
1 2734.30 K53 - K55 5.3 - - - 4§ 
1 2759.31 K55 - K60 13.2 - - - 4§ 
0 987.46 K88  - - - - 
0 1216.64 K8  -   4 
0 1260.63 K73  - -  4 
0 1300.64 K55  - - - 4§ 
0 1356.65 K5  - - - 4§ 
0 1361.70 K86  - -  4 
0 1546.79 K99  - -  4 
0 1892.97 K79  - - - - 
0 2052.94 K39  - - - - 
0 2077.95 K72  - - - - 
0 2166.98 K53  - - - - 
0 2535.18 K60  - - - - 

§ A signal at the expected precursor mass of this cross-linked peptide was present in an extracted ion 
chromatogram but the precursor ion was not selected for MS1MS2 
 This cross-linked peptide was confirmed by MS1MS2 
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Synthesis of monofluorocyclooctyne-conjugated polydimethyl acrylamide beads 
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Monofluorocyclooctyne (MFCO) was synthesized as described [14]. Coupling of MFCO to polydimethyl 
acrylamide (PL-DMA) beads (1 mmol/g 55-250 µm (Polymer Laboratories)) was carried out in two steps [8]. First 
a cleavable spacer in the form of cystamine (Sigma-Aldrich) was coupled to the beads. To this end a solution 
containing 1 M cystamine and 2.5 M 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (Sigma-Aldrich) in DMF was 
incubated under nitrogen with 20 mg/ml PL-DMA beads in 2 ml polypropylene vials at 50°C for 24 h on a rotating 
device. Then MFCO was coupled to the cystamine spacer as described previously for another cyclooctyne [8] with 
omission of the bromo-phenol blue assay. 

Determination of the extent of coupling of cystamine and MFCO to PL-DMA beads 

The extent of coupling of cystamine to the beads was determined in two ways. In the first method the disulfide 
bonds in 2 mg cystamine-treated beads were reduced by incubation for 30 min at room temperature in a medium 
containing 20 mM tris(carboxyethyl)phosphine (TCEP) and 0.2 M Tris-HCl pH 8.0 in 40% acetonitrile/60% water. 
Subsequently the beads were washed three times with 1 ml 10 mM acetic acid in 50% acetonitrile. Free SH groups 
were determined by incubating the beads for 30 min in a solution containing 2 mM 5,5’-dithio-bis(2-nitrobenzoic 
acid), 0.1 M Tris-HCl (pH 8.0) in 50% acetonitrile, following by measuring the absorption at 412 nm [15, 16]. The 
coupling of cystamine to the beads was also estimated with the quantitative bromo-phenol blue assay [17].  

 The loading of MFCO to the cystamine-conjugated beads was estimated by incubating 0.8 to 1.6 mg 
MFCO-resin with 20 mM Fmoc-azhal in DMF at room temperature. At different time points the azide-alkyne 
cycloaddition reaction was stopped by removing the solution from the beads and immediately adding 2 ml ice-cold 
DMF, followed by washing the beads three times for 15 min with 1 ml ice-cold DMF. The Fmoc moiety was then 
released by incubating the beads for 30 min at room temperature with 0.18 ml 2% (v/v) DBU in DMF. The amount 
of released Fmoc was determined spectrophotometrically [18]. 

Enrichment procedure PL-DMA resin 

Model peptide Pan016 (~6 μg (3 nmol), 75 μL) and Pbn007 (~6 μg (3 nmol), 75 μL) in a solution of 50% 
acetonitrile and 50% 50 mM potassium phosphate buffer pH 7.5, were added to dry beads.  The mixtures were 
incubated with ~2 mg resin (Pan016 & Pbn007) at RT for overnight, under constant mixing. To collect the 
supernatant the mixture was centrifugated. The beads were washed twice with a solution of 50% acetonitrile and 
50% 50 mM potassium phosphate buffer pH 7.5, followed by washes of 15 minutes with acetonitrile; 50% 
acetonitrile, 50% 50 mM potassium phosphate buffer pH 7.5; 50 mM potassium phosphate buffer pH 7.5; 2 M 
NaCl and 50 mM potassium phosphate buffer pH 7.5. For cleavage of the disulfide linker, the beads were 
incubated with 5 mM TCEP in 50 mM potassium phosphate buffer pH 7.5 for 1 hour at room temperature, 
followed by 2.5 mM TCEP in a solution of 50% acetonitrile and 50% 50 mM potassium phosphate buffer pH 7.5 
for 15 minutes. The two fractions were combined and iodoacetamide (55 mM final concentration) was added for 
30 minutes at room temperature in de the dark. Reducing and alkylating reagents were removed by desalting the 
peptide mixture on C18 reversed phase tips. 

Mass spectrometry 
Reflectron MALDI-TOF: 0.5 μL sample was mixed with 0.5 μL of a 10 mg/mL α- cyano-4-hydroxycinnamic acid 
solution in 1:1 (v:v) acetonitrile:ethanol and subsequently spotted on a MALDI target plate and dried. Spectra were 
recorded on a Tofspec 2EC mass spectrometer (Micromass, Wythenshawe, UK) provided with a 2 GHz digitizer. 

 LC-Q-TOF-MS1MS2: For electrospray MS and low energy collision-induced dissociation (MS1MS2) analyses 
on a Q-TOF mass spectrometer with a Z-Spray orthogonal ESI source (Micromass, Whytenshawe, United 
Kingdom), peptide samples were loaded onto an Ultimate nano HPLC-system (LC Packings) and separated on a 
PepMap100 C18 reversed phase column (75 μm I.D., 25 cm length; Dionex, Sunnyvale, CA, USA). After loading 
the sample on a trap column (Acclaim, PepMap 100, 300 μm i.d., 5mm length, Dionex, Sunnyvale, CA, United 
States of America), elution of the peptides, with a flow rate of 0.3 μl min−1, was performed using a step-gradient 
of increasing acetonitrile concentrations in 0.1% formic acid. Direct infusion of the flow was supported by a 
Nanobore Emitter (Proxeon, Odense, Denmark). Survey scans were acquired from m/z 350–1500. Ions were 
selected for MS1MS2 in a data-dependent mode, recorded from m/z 50–2500, scan time 1.00 s, interscan delay 0.10 s 
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with argon as collision gas at a pressure of 0.04 mbar measured on the quadrupole pressure gauge. Fragmentation 
spectra were processed with MassLynx version 3.5, generating peak list files (pkl). 

Data analysis 

Identification of unmodified peptides and type 0 and type 1 cross-links  

The Equus caballus (Horse) cytochrome c database was used for identification by Mascot of unmodified peptides, 
type 0 cross-linked peptides and type 1 cross-linked peptides. Trypsin was used as proteolytic enzyme. For 
unmodified peptides, up to one missed cleavage was included in the search parameters, while for type 0 and type 1 
cross-links two, resp. three missed cleavages were allowed. No fixed modification was applied. A variable 
modification at K with a group of composition 455.16 Da (C19H26FN5O5S) and 437.16 Da (C19H24FN5O4S) were 
applied to type 0 and type 1 cross-links respectively. For MS1MS2 data obtained with the Q-TOF mass spectrometer 
both the precursor tolerance and the product ion tolerance were set at 0.4 Da. For peptide validation, each peptide 
candidate must contain at least 1fragment ion. 

 For manual nomination and validation of cross-linked peptides, MS1MS2 data obtained with the Q-TOF 
mass spectrometer both precursor and product ions were matched to cross-linked peptides identified by ARCO 
resin approach. Both precursor tolerance and product ion tolerance were set at 0.4 Da. For validation of cross-
linked peptides, each of composing peptide must contain at least 1fragment ion. 

Identification of type 2 cross-links  

A database of all possible cross-linked peptides for interrogation using standard search engines was generated by 
xComb version 1.2 [19]. The amino acid sequences of proteins of interest were uploaded in UniProt FASTA 
format. Trypsin was the chosen enzyme for digestion with two missed cleavages allowed. Both intra- and inter-
protein cross-links were taken into account. The minimum peptide length for each peptide of the pair was two 
amino acids with at least one trypsin missed cleavage for amine cross-linking. The cross-link database was 
uploaded in Mascot version 2.2. The following parameters were used to identify candidate type 2 cross-links based 
on the processed data files from LC-MS1MS2 experiments: (i) a “do_not_cleave” enzyme with the nonexisting 
amino acid “J” as the cleavage site; (ii) no missed cleavages; (iii) No fixed modification was applied; (iv) a 
variable modification at K with a group of composition 437.16 Da (C19H24FN5O4S) and composition 417.16 Da 
(C19H23N5O4S). For MS1MS2 data obtained with the Q-TOF mass spectrometer both the precursor tolerance and 
the product ion tolerance were set at 0.4 Da. For validation of cross-linked peptides, each of composing peptide 
must contain at least 1fragment ion. 

 For manual nomination and validation of type 0, type 1 and type 2 cross-linked peptides we first 
calculated the expected precursor masses of the MFCO-conjugated peptides that were identified before by the 
ARCO resin approach (Chapter 2, thesis), Chapter 3. Entries in the MS1MS2 output files with matching precursor 
ion masses were then inspected for expected fragment ions in the MS1MS2 output files. Both precursor tolerance 
and product ion tolerance were set at 0.4 Da. For validation of cross-linked peptides, each of composing peptide 
must contain at least 1 fragment ion. 
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