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Abbreviations 
2ME   β-mercaptoethanol 
2SCX   Diagonal strong cation exchange 
ARCO   Azide-reactive cyclooctyne 
azhal    Non-natural amino acid azidohomoalanine 
BAMG  Bis(succinimidyl)-3-azidomethyl glutarate 
CID   Collision-induced dissociation 
CXMS   Chemical cross-linking coupled to mass spectrometric analysis 
DIPEA   Diisopropyl-ethyl-amine 
DNA   Deoxyribonucleic Acid 
DTT   Dithiothreitol 
ECD   Electron-capture dissociation 
ESI   Electrospray ionization 
ETD   Electron transfer dissociation 
F-ARCO  Fluorine-containing azide-reactive cyclooctyne 
FDR   False discovery rate 
FP   False positive 
FTICR   Fourier transform ion cyclotron resonance 
H/D   Hydrogen/Deuterium exchange 
IRMPD  Infrared multiphoton dissociation 
kDa   Kilo Dalton 
LC   Liquid chromatography 
QTOF-MS  Quadrupole time-of-flight tandem mass spectrometry 
MALDI  Matrix-assisted laser desorption/ionization 
MFCO   Monofluoro-substituted cyclooctyne 
Mfd   Mutation frequency decline protein 
MS   Mass spectrometry 
MS1MS2  Tandem mass spectrometry 
NHS    N-hydroxy-succinimidyl  
NMR   Nuclear magnetic resonance 
PcrA   Plasmid copy reduced protein subunit A 
PDB   Protein data bank 
PFF   Peptide fragment fingerprinting 
pkl   Peak list file 
PL-DMA   Poly-dimethylacrylamide 
PPI   Protein-protein interaction 
RNAP   RNA polymerase 
RPOE   RNA polymerase subunit delta (δ) 
SAXS   Small angle X-ray scattering 
SCX    Strong cation exchange chromatography 
SPA    Sequential peptide affinity 
TAP    Tandem affinity purification 
TCEP   Tris (2-carboxyethyl) phosphine hydrochloride 
TCIR    TCEP-induced reduction 
TP   Target peptide 
UvrD   UV light response protein subunit D 
XLDB   Cross-linked peptide database 
Y2H   Yeast two-hybrid system 
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In living cells, most of the genetic information needs to be translated to functional molecules, 
called proteins. These proteins perform all kind of cellular functions ranging from 
developmental control to metabolism to cellular defense as well as to regulated cell death 
(apoptosis). Each protein has a specific function made possible by its unique 3D structure [1, 
2]. As shown in Fig. 1, in order to understand how a single protein in the context of a whole 
organism works, the structure and interaction of proteins and protein complexes needs to be 
known. Some proteins such as transferrin, involved in the transport of iron from the gut via the 
blood to other organs, and myoglobin, a protein that stores oxygen in muscles, perform their 
functions as single molecule (monomeric protein) while many other proteins require the 
interaction with either identical or other kinds of proteins. An example of an assembly 
composed of several proteins (multi-subunit protein complex) is DNA-dependent RNA 
polymerase (RNAP), an essential enzyme responsible for the synthesis of RNA using a single 
strand of DNA as a template. In eubacteria RNAP is composed of 5 subunits; two of α and one 
of β, β’ and ω subunit [3]. Each subunit plays a different role in the complex. β and β’ subunit 
form the active center for RNA synthesis. Two α subunits are responsible for the assembly of 
RNAP and the interaction with the promoter and regulatory factors. The ω subunit mainly 
stabilizes the assembled RNAP. A sixth protein, called sigma factor, is needed for recognition 
of the core RNAP of a start site on a suitable DNA template and to initiate transcription in vivo 
and in vitro. However, for regulated transcription in vivo, a plethora of other proteins are 
required for elongation and transcription termination. To fully comprehend the transcription 
process at the molecular level, knowledge about the structures and interactions of subunits in 
the complex is required. Existing methods for protein structural analysis of assemblies as large 
as an elongating RNA polymerase in vivo are often inadequate, implying that additional 
approaches are needed to understand the structural basis of the biological functions of large 
protein complexes. 

 In this thesis, chemical crosslinking coupled with mass spectrometric analysis (CXMS) 
is utilized to obtain insight into protein-protein interactions within large macromolecular 
complexes and into the conformational flexibility of such assemblies. These studies were 
performed both in isolated complexes and in complicated protein mixtures. The acquired 
information, i.e., identity of linked amino acid residues including distance constraints estimated 
from the cross-linker spacer could be used to refine and extent results from other approaches to 
obtain information about protein-protein interactions and about the spatial arrangement of 
subunits in protein complexes. In Chapter 2, 3 and 4, the development of enrichment 
approaches intended to isolate azide-containing cross-linked peptides of proteins/complexes for 
mass spectrometric analysis are described. In Chapter 5, the characterization of novel 
interaction using the methodology developed in thesis is shown. 
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Fig. 1 The information conveyed from gene sequence to protein function. The nucleotides coded in the gene 
sequence contain the information which can be converted to the amino acid sequence of the protein through two 
processes, transcription and translation, respectively. Mostly with the assistance of chaperone-proteins the newly 
synthesized protein is properly folded into its 3-D structure (tertiary structure) which is essential for the protein 
function(s), including its interactions with other proteins (quaternary structure). 

Studies of protein structure, dynamics and protein-protein interaction  

As mentioned above the functions of proteins/complexes are tightly related to their three 
dimensional (3D) structures and interactions between subunits or with other proteins. A variety 
of methodologies have been applied to extract structural information. These techniques can be 
categorized into two groups according to the information provided; 1) techniques to study 
protein structure, i.e. X-ray crystallography, NMR and cryo-EM, and 2) techniques for protein 
dynamics and protein-protein interaction studies i.e. hydrogen/deuterium exchange, chemical 
cross-linking, the yeast two-hybrid, system tandem affinity purification and computational 
approaches i.e. macromolecular docking and protein–protein interaction prediction. A brief 
description of their principles and respective advantages/shortcomings are provided below. 

Protein structure studies 

X-ray crystallography  

High resolution structures of proteins and protein complexes can be obtained by using the 
information collected from the X-ray scattering pattern of crystallized proteins. In this 
approach, the protein is first crystallized in an appropriate buffer. This step is usually accounted 
as a rate-limiting step, since the protein crystallization condition is often unpredictable [4]. The 
protein crystal is then bombarded with a bundle of X-rays. Each atom in the protein-crystal 
generates scattered X-ray waves creating a complex diffraction pattern that is summed and 
recorded for constructing a contour plot of electron density distribution. Finally the 3-D 
structure of the protein is reconstructed from a contour plot of electron density distribution [5]. 
The refinement of the model can be done by iteration of the previous steps. For more detailed 
crystal model construction, reader is referred to the article by Wlodawer et al [5]. The large 
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majority of resolved structures released in the protein data bank (PDB) have been constructed 
by this approach. In general, there is no practical limit to the size of the proteins or complexes 
to be analyzed by X-ray crystallography. However it is known that the larger and more complex 
the protein becomes, the more difficult it crystallizes [4]. The proteins/complexes must pack 
into well-ordered and diffracting crystals. Furthermore, this technique requires large amount of 
sufficiently pure protein (microgram to milligram) for analysis. A structure model obtained by 
X-ray crystallography is a static image of the protein, so the information about (protein) 
flexibility may be lost. Transient protein-protein interactions are difficult to be captured by this 
method. Furthermore, the model may differ from the in vivo structure.  

Nuclear Magnetic Resonance Spectroscopy (NMR) 

A high resolution of protein structures in solution can be obtained by NMR. This technique is 
used to illuminate the physical and chemical properties of atomic nuclei in a magnetic field.  
Briefly, a nuclear spin of atomic nuclei of certain elements e.g. 1H, 13C and 15N, generates a 
magnetic dipole [6]. In a strong magnetic field, these dipoles perform different orientations and 
energies. Transitions between orientations require a particular amount of energy. A pulse of an 
electromagnetic energy at the frequencies that is exactly equal to those required for transitions 
gives rise to NMR signals used to construct the structures [6, 7]. Unlike X-rays crystallography, 
NMR is capable of determining certain dynamic properties of proteins over a period of time. 
Furthermore, it has been widely applied for mapping of protein-protein interactions [8-10]. 
Approximately 10% of structures deposited in PDB have been resolved by this technique. 
However NMR requires proteins in solution without aggregation at relatively high 
concentrations. Despite the structural models of large complexes published recently [11], NMR 
is basically limited to small proteins (complexes). 

Cryo-electron microscopy 

In contrast to the techniques mentioned above, cryo-electron microscopy (Cryo-EM) provides 
native 3D-structures of macromolecular assemblies at lower resolutions (mostly > 10 Å). In this 
approach, the biological complexes in a thin layer of solution are rapidly frozen at cryogenic 
temperature to preserve the samples in the vitreous state (glassy), thus preventing ultra-
structural changes (reviewed in [12]). To visualize the molecular structure, the complexes are 
bombarded with a high-voltage stream of electrons. As a result, the electrons are partly 
transmitted through the complexes and in part are scattered out of the main stream. The images 
are calculated from the elastic scattering pattern of the electrons that change their trajectory. 
The major advantage of this technique is that protein sample can be studied in its near-native 
state conformation. In addition, the vitreous state of sample can be abruptly formed enabling 
the capturing of transient interaction. However, often proteins/complexes are not amenable to 
vitreous state formation.  

Protein dynamics and protein-protein interaction studies 

Hydrogen–deuterium exchange 
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This technique provides information about the solvent accessibility of the proteins. The 
obtained data can be applied to study conformational changes and surface interactions of 
complexes. In this approach, accessible backbone amide hydrogens are replaced by deuterium 
atoms when the protein is incubated in D2O solution. Hydrogen deuterium exchange (HDX) has 
become highly attractive when coupled with mass spectrometry (HDX/MS) due to the 
extremely low amount of material required for the analysis [13, 14]. Importantly, HDX/MS is 
advantageous in the study of very large assemblies. However, this technique demands isolated 
proteins/complexes in the sample and fails to provide the mapping of interacting subunits, in 
case the complex is composed of more than two proteins. 

Chemical cross-linking 

As mentioned previously, chemical cross-linking can be used to obtain insight into subunit 
interactions in large macromolecular complexes either isolated or in mixtures with other 
proteins. This method is based on the fact that the maximum distance between linked residues 
is not exceeding the spacer of the used cross-linker. The approach has become more powerful 
when coupled with mass spectrometry (CXMS) in order to identify cross-linked peptides. The 
advantages of CXMS are 1) it requires extremely low amounts of material for analysis, 2) it is 
applicable for high-throughput analysis, 3) it is suitable for in vivo applications, 4) cross-linking 
is performed in solution with proteins/complexes in their native conformation, 5) there is no 
practical limit to the size of proteins/complexes or purity of samples and most importantly 6) it 
can provide not only the identity of proteins involved in the interaction but also give the 
information about binary interaction of each subunit in the complex at amino acid resolution. 
This allows mapping subunit interactions. 

Yeast two-hybrid system 

The yeast two-hybrid system is a main technique exploited to discover or study protein-protein 
interaction in living cells. The principle behind the technique is the activation of the 
transcription of a reporter gene through the interaction between, on the one side, the target 
protein (bait) which is fused with the DNA binding domain of the transcription factor of the 
reporter gene and, on the other side the partner protein (prey) which is fused with the activation 
domain of the same transcription factor. It has been widely used in many laboratories for 
decades for its simplicity and applicability to high throughput analysis. However, its reliability 
and efficiency has been extensively questioned for a very high occurrence of both false 
positives and false negatives [15]. Moreover, the fusion of the proteins may interfere with the 
binding between bait and prey [15]. The limitation of this approach is that it can provide only 
information about the binary interaction. 

Tandem affinity purification 

The interactions occurring in vivo can be detected by tandem affinity purification (TAP). In this 
approach the target protein is genetically modified to carry two sequence tags used for 
successive purifications [15]. These two affinity tags are separated by a protein sequence which 
contains a cleavage site for a tobacco etch virus (TEV) protease. Generally, a TAP tag 
comprises a calmodulin-binding peptide (CBP) and protein A from S. aureus which binds 
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tightly to IgG, respectively. When added at the C-terminus of the target protein, the CBP is at 
the N-terminal side. A TAP tag at the N-terminus contains the CPB at the C-terminal side. An 
idealized experiment in which the TAP-tagged protein is produced and interacts with other 
proteins in the cell, the complex is isolated from a cell lysate through the binding of protein A 
to IgG beads. After washing, the bound complex is subsequently eluted from the matrix using 
the TEV protease, followed by incubation with calmodulin-coated beads in the presence of 
calcium ions. The complex is then eluted by complexing the calcium ions with ethylene glycol 
tetraacetic acid and the composing proteins are identified by mass spectrometry. The advantage 
of this technique is that the complex is formed under natural conditions and the experiment can 
be done without knowing the protein partners. In addition, tandem purification significantly 
reduces the contaminants. However this method has some shortcomings. Although, the identity 
of proteins involved in the interaction is given, this method fails to map subunit interaction in 
the complex.  Furthermore, the proteins involved in the interaction may contain sequence 
specific to TEV. 

Macromolecular docking 

The quaternary structure of a protein complex formed under natural conditions can be predicted 
by “ab inito” protein-protein docking. Docking is usually applied for two interacting proteins of 
which the individual 3-D structures are known. In this approach, the first protein is fixed in 
space and the second one is adjusted and translated on the surface of the first protein. The 
scoring functions used to evaluate each conformation and discriminate incorrect ones is 
calculated from various parameters e.g. electrostatic interactions, H-bonds and Van der Waals 
interactions, A drawback of this method is that it considers the interaction protein as rigid 
bodies, precluding application of this approach to interactions resulting from large 
conformational changes. 

Prediction of protein-protein interactions on large scale 

Computational methodologies aimed to identify protein-protein interactions on large scale are 
generally based on the hypotheses that the interacting proteins are evolutionary related and the 
interactions in the form of orthologues should exist in related species.  In addition, high 
resolution structures of protein complexes have been increasingly published. These can be used 
as a template to characterize the residues involved in the interaction. Similar motifs may be 
located in relative organisms. Several approaches and algorithms have been developed and 
successfully applied in specific cases. However, the predicted interactions still need to be 
confirmed experimentally. 

Chemical-cross-linking to study protein-protein interactions and the 3-D 
structure of protein complexes 

Knowledge about the folding, topology, mutual interactions and dynamics of composing 
subunits of protein complexes can be derived by chemical cross-linking, the process of covalent 
attachment of two molecules by cross-linking agents. As shown in Fig. 2, a cross-linker is 
generally composed of two (hetero/homo) functional groups which are separated by a spacer. 
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The functional groups react specifically toward reactive groups on the side chain of amino 
residues yielding covalent linkages. The aim of a protein cross-linking experiment is to identify 
(i) the linked proteins and (ii) the linked residues within the linked proteins. Mass spectrometry 
of proteolytic peptides obtained from cross-linked protein complexes is a powerful analytical 
approach to achieve these goals as will be extensively explained in the section mass 
spectrometry below. Reactive groups on linked amino acid residues cannot be further away 
from each other than the length of the spacer of the used cross-linker. Assuming that in a 
protein the amino acid sequence backbone has a defined 3-D structure, while residue side 
chains on the surface of a protein have a large degree of freedom the maximal distance between 
Cα of linked residues is equal to the sum of the spacer length and the lengths of the two side 
chains. Cross-link analysis thus provides amino acid residue distance constraints that can be 
used to validate and refine models of the 3-D structure of proteins and protein complexes and 
that can give insight in the conformational flexibility of proteins. A third functional group may 
be introduced on the spacer. This group, in most cases, is aimed at selective isolation of cross-
linked peptides to facilitate mass spectrometric analysis. 

 

Fig. 2 Structure of the cross-linker. Mostly cross-linkers contain two functional groups. However extra reactors or 
functions may be added, in general, to enrich the cross-linked species. 

 Cross-linkers are homo- or heterobifunctional chemical-reagents dependent on whether 
they contain identical or different reactive groups. The target groups for the cross-linkers can be 
thiols (cysteine side chain) [16-18], guanidine (arginine side chain) [19-21], carboxylic acids 
(aspartic and glutamic side chains) [21], sugars from glycoproteins, unnatural amino acids [22, 
23], etc. For a more details about the target groups of cross-linkers and relative reactions, 
several reviews provide comprehensive information (see [24, 25]). The most attractive target 
for cross-linking reaction is a primary amine group (lysine side chain and N-terminus) [26-31]. 
The primary amines are normally highly reactive species since the nitrogen atom contains a 
lone pair of electrons. Moreover the electronegativity of nitrogen is relatively low so this 
synergistically allows a rapid reaction with an electrophile. In general,  lysine contributes about 
5% to the protein composition [32] and it is predominantly present at the protein surfaces to 
interact with a polar solvent [33, 34]. Therefore an amine is considered as the most abundant 
and accessible reactive group. For these reasons, it is a promising group for cross-linking 
reactions.  

 For a successful cross-linking analysis, a proper reactivity and selectivity of cross-linker 
needs to be carefully considered (reviewed in [24, 25]). First, the yield after the cross-linking 
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reaction should be sufficient for further analysis. Second, cross-linker should react specifically 
to the target groups to reduce undesired side-reactions which can hamper the cross-linking 
analysis. Third, the cross-linking reaction should be carried out in a condition as close as 
possible to the native circumstances of the target protein. Basically the physiological 
environment is the preferable cross-linking condition since proteins structurally exist in their 
native folding states. Furthermore the number of linked residues for a single molecule should be 
as low as possible for two important reasons. In the first place structural interference by the 
cross-linking reaction should be avoided. In the second place it should be prevented that 
introduction of cross-links renders the protein complex under investigation resistant towards 
proteolytic digestion, a prerequisite to enable identification of the proteins and position of 
linked residues in the amino acid sequence by mass spectrometric analysis of peptides  (see 
section cross-linked peptide identification below). 

 A bifunctional cross-linker was first introduced (in vitro) into proteins by Hartman and 
Wold in 1967 as a new approach to prevent sickling in sickle erythrocytes [35]. A year later, 
this technique was applied to elucidate the active site of papaine [36]. Since then protein cross-
linking has been widely adapted and applied to various kinds of research. A variety of cross-
linking reagents have been published and discussed extensively with regard to the spacer length 
and chemistry of functional groups of cross-linker and their targets.  In this thesis, a 
cross-linker which contains a derivative of N-hydroxysuccinimide (NHS ester) i.e. 
bis(succinimidyl)-3-azidomethyl glutarate  (BAMG) was used, thus its chemistry and 
mechanism is given below. 

Bis(succinimidyl)-3-azidomethyl glutarate (BAMG) 

As a variant of di(N-hydroxysuccinimidyl) glutarate (DSG) [37] also called bis(succinimidyl) 
glutarate, bis(succinimidyl)-3-azidomethyl glutarate (BAMG) is a simple homo-bifunctional 
cross-linker that is cell membrane-permeable, first described by Kasper et al. [38]. As 
illustrated in Fig. 3A, it is composed of a 5 carbon backbone connecting two N-
hydroxysuccinimidyl (NHS) esters, and it reacts primarily with an α-amine group of N-termini 
and the ε-amine group of lysine through electrophile substitution acylation, by eliminating NHS 
as a leaving group (Fig. 3B). The reaction is usually carried out at pH 7.5. The reaction rate 
increases with increasing pH since the preferential target group is the unprotonated primary 
amine. However alkaline hydrolysis of NHS esters is also increased, implying that the number 
of cross-links at high pH is not necessarily larger than at low pH. The half-life of NHS esters at 
pH 8 and 25 °C is about 60 minutes. Although the preferential target group is a primary amine, 
the reaction of BAMG with other functional groups, for instance sulfhydryl groups (Cys) and 
hydroxyl groups (Tyr, Ser, Thr) is possible, but the products are relatively unstable in aqueous 
environments [39]. In addition, NHS ester-mediated acylation of imidazol nitrogens (His) has 
also been observed. However, the product was rapidly hydrolyzed [39]. BAMG has a low 
solubility in water, hence dissolving in an organic solvent, e.g. DMF, DMSO or acetonitrile, 
prior to addition to the cross-linking reaction is necessary.  

 The spacer length of BAMG is approximately 7.7 Å. The azido group implemented at 
C-3 is involved in the isolation of cross-linked peptides via both strain-promoted [3 + 2] 
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azide−alkyne cycloaddition and via reduction of the azido group to an amine group for cross-
linked peptide enrichment strategies mentioned in this thesis.  

 

 

 

Fig. 3 A) Structure of BAMG. B) Reaction of BAMG with amine containing compounds. 

 

Mass spectrometry  

Mass spectrometry (MS) is an analytical technique used to measure in vacuo the mass-to-
charge ratio (m/z) of ionized compounds, also called analytes [40]. Briefly, the analytes are first 
ionized in the ion source to acquire a positive or negative charge and then enter, under the 
influence of applied electric and/or magnetic fields, the mass filter. The commonly used mass 
filter is a quadruple which can separate ions according to their m/z based on the their trajectory 
stability in the oscillating electric fields applied to the mass filter [41]. Subsequently the filtered 
ions enter the mass analyzer for detection of their m/z. Several different mass analyzers have 
been developed. In a time of flight (TOF) mass spectrometer ions are accelerated by an electric 
potential to reach the detector. At this step the potential energy of the ion in the electric field is 
converted to kinetic energy. Therefore, knowledge about the time of flight to the detector can 
be used to calculate m/z. For a high accuracy mass measurement; ions can be analyzed by 
Fourier transform ion cyclotron resonance. Briefly, ions are first trapped in a static 
magnetic/electric filed. By applying an electric field oscillating orthogonally to the magnetic 
field, the trapped ions are exited and expand their cyclotron radius. After removing the electric 



Chapter 1 

18 
 

field, the exited ions rotate to their own cyclotron frequencies. The detectors records the 
electrical signal induced by the exited ions passing close to them. The acquired signal can be 
converted to a mass spectrum performing Fourier transformation [41]. For more details, a 
number of reviews and books [41-43] provide detailed information. The data obtained by mass 
spectrometry can be used to identify the identity of an analytes by comparing to theoretical 
mass spectra pattern of known analytes.  

Peptide and protein identification 

Peptide fragment fingerprinting (PFF) is the MS approach widely used to identify peptide 
sequences through fragment ions basically produced by collision induced dissociation (CID). 
This technique has become an indispensable tool for peptide and protein identification, [44]. In 
a typical proteomic study, proteins may be initially pre-fractionated to reduce the complexity of 
the sample by protein separation techniques e.g. gel separation, size exclusion and affinity 
chromatography, prior to protein digestion. The most widely used protease for proteolytic 
digestion is trypsin. It specifically cleaves at the C-terminal amide bond of lysine or arginine 
residues yielding peptides in the preferred mass range for MS analysis and often provides 
doubly charged precursor ions which are suitable for peptide fragmentation. The peptide 
mixtures are typically further separated using liquid chromatography.  Subsequently, the 
resulting peptides are ionized, commonly using matrix-assisted laser desorption/ionization 
(MALDI) [35] or electrospray Ionization (ESI) [45] coupled with a mass spectrometer for 
determination of their m/z values. The ionized peptides can be selected for fragmentation in the 
gas-phase providing the structural information, also known as tandem mass spectrometry 
(MS1MS2). The m/z and intensity of precursor (parent) and fragmented (daughter) ions are 
recorded. Finally the acquired mass spectra which can be converted to a list of accurate masses 
are compared to a suitable database which contains the theoretical masses and fragmentation 
patterns of candidate peptides. In addition, a peptide either with natural or artificial 
modifications e.g. phosphorylation, glycosylation and chemical cross-linking can be identified 
by addition of masses attributed to the mass of the expected modifications to the mass of 
modified residues in peptides deposited in database. Several algorithms developed to facilitate 
database searching are freely accessible or available as commercial versions e.g. Mascot, 
OMSSA, SEQUEST, Phenyx and X!Tandem [46-50]. Their respective merits and demerits 
have been discussed [51, 52].  

 The reliability of peptide identification for large scale experiments can be estimated 
from a proportion of false positives presented in the results, also called false discovery rate 
(FDR). The most common strategy to measure FDR is to use a peptide database calculated from 
the actual sequences of proteins involved in the experiment and from their reversed or 
randomized version for peptide identification [53]. A false positive (FP) is defined as a peptide 
identified from the reversed database (also called decoy peptide). A peptide identified from the 
forward database is called a target peptide (TP).  A decoy peptide candidate can be nominated 
by a search engine if its matching score is higher than that of target peptide candidates. The 
FDR can be calculated by  

     FDR = FP / (FP + TP)      
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where FP is the number of matching decoy peptides, TP is the number of matching target 
peptides.  

 

Fig. 4 Typical workflow of CXMS. Proteins/complexes of interest are cross-linked using a proper reagent. The 
cross-linked proteins may be isolated (by e.g. size exclusion chromatography, gel-electrophoresis) before 
submitted to proteolytic digestion.  To enhance the efficiency of CXMS, cross-linked peptides generally are 
enriched prior to MS analysis. 

Cross-linked peptide identification  

Chemical cross-linking of proteins combined with mass spectrometric analysis (CXMS) is 
aimed to provide insight into the 3-D structure of proteins and protein complexes [24, 25, 54, 
55]. In a typical CXMS experiment, amino residues in close proximity are subjected to a 
covalent linking reaction (Fig. 4). The linked proteins are then subsequently subjected to 
proteolysis resulting in three different types of modified peptides, namely mono-linked, loop-
linked and cross-linked peptides (Fig. 5) along with a large number of unmodified peptides. 
The mixture of unmodified and cross-linked peptides is then analyzed mass spectrometrically. 
Analogous to linear peptide identification, cross-linked peptides are subjected to PFF. A variety 
of peptide fragmentation techniques including collision-induced dissociation (CID), electron 
transfer dissociation (ETD), and infrared multiphoton dissociation (IRMPD) can be applied to 
provide information-rich fragmentation spectra.  Nonetheless, the interpretation of these spectra 
can be cumbersome and not feasible for de novo sequencing since the fragment ions can be 
generated from both composing peptides. Furthermore, all fragment ions created after the 
linked residues from both peptides contain an additional mass attributed to total mass of the 
linker and the peptide counterpart. A complete series of fragment ions of the linear form of 
composing peptides can be observed only if both (i) the cross-linker is cleaved during 
fragmentation and (ii) subsequent secondary fragmentation occurs. It has been shown in 
previous studies [56-58] that characteristic fragment ions released from cross-linked peptides 
when fragmented can be used as a signal or reporter ion for confident identification. Over the 
past few years, the number of software tools aiding identification of cross-linked peptides has 
continually increased [59-61]. However, these tools are still restricted to their analytical 
strategies. In this thesis, in-house software tools aiding identification of cross-linked peptides 
are described in Chapter 4. 
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Fig. 5 Three types of modified peptides. After chemical conjugation, three different types of modified peptides are 
generated. The majority of the modified amino residues are type 0 crosslinks, where one functional group of the 
cross-linker reacts with the amino residue and the other end is hydrolyzed. Type 0 crosslinks provide the 
information about accessibility of the solvent to protein surfaces. Type 1 and 2 crosslinks are involved in the 
covalent bond formation between two amino residues which can be from the same protein (both type 1 and type 2 
crosslink) or different subunits/proteins (only type 2 crosslink). A type 1 crosslink is the link of two amino 
residues which are located on the same peptide. This type of crosslink mostly illustrates the looped-structure of the 
protein sample. The most informative crosslink which is also the most rare in occurrence is a type 2 crosslink 
which provides both structural and protein-protein interaction information.  

 FDR estimation for CXMS using decoys was firstly introduced by Walzthoeni et al. 
[62]. Similar to FDR calculation of linear peptide identification, sequences of all proteins in the 
experiment are reversed (or randomized) and subsequently combined with forward sequences. 
The combined sequences are then utilized for cross-linked database (XLDB) generation, e.g. by 
the program xComb [63]. Generally, each XLDB contains three types of cross-linked 
candidates 1) candidates comprising only forward sequences 2) candidates comprising only 
decoy sequences and 3) chimeric candidates composed of forward and decoy sequences. 
Candidates with at least one of the two composing peptides having a reversed sequence will be 
treated as false positive.  

Challenges of cross-linked peptide analysis 

Over the last decade, along with ongoing progress in mass spectrometry, CXMS has been 
greatly improved both with respect to sample preparation and data analysis. In the beginning, 
CXMS was mainly confined to method development using model proteins or peptides, e.g. 
ribonuclease A [64] and neurotensin [64] or to study the interaction between relatively small 
proteins like the DNA binding protein ParR forming homodimers [65] or between calmodulin 
and recombinant nebulin fragments [66]. Lately extensive improvement in mass spectrometry 
enabled CXMS analysis of large complexes. The architectures, network mapping including 
functions of multi-subunit proteins have been revealed in e.g. E. coli RNA polymerase II-TFIIF 
complex [67], B. subtilis RNA polymerase complex [68], Phosphatase 2A network [69], F-type 
ATPase [70] eukaryotic chaperonin TRiC/CCT [71], etc. CXMS has become a remarkably 
attractive tool in instances where the rich information of topologies and interactions in living 
cells is to be retrieved [60, 61, 72, 73]. Recently the topologies and the map of protein-protein 
interactions in large complex sample such as in human living cells (HeLa cells) has been 
achieved [74]. However, technological and analytical challenges undermining a successful 
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CXMS have to be overcome. In general, to utilize the full potential of CXMS, in particular with 
large complex systems, the key challenges listed below need to be considered. 

Low abundance and rare occurrence of cross-linked peptides  

In order to maintain the native structure and conformation of proteins, the cross-linking reaction 
should be carried out under near physiological circumstances. There are two reasons to apply 
experimental conditions leading to only limited cross-linking. The first reason is to avoid 
possible conformational changes as a result of cross-linking reaction itself. The second reason 
is related to the requirement that the cross-linked proteins must be susceptible to proteolysis, 
preferably by using trypsin as a protease. Therefore, each protein molecule must only be 
partially modified to prevent induction of a protease-resistant state due to over-crosslinking. 
Unfortunately, this condition results in a dramatically low abundance of cross-linked species 
compared to that of linear peptides, thereby hampering CXMS. In order to improve the 
analysis, the isolation of the cross-linked peptides prior to CXMS is strongly demanded. 
Approaches used to enrich cross-linked peptides are discussed further in this chapter.  

Large search space and low discriminatory power of true and false positive caused by 
combinatorial increase of number of putative cross-linked crosslinks (XLDB) 

The identification of peptides using tandem mass spectrometry is a crucial feature of MS 
analysis. For the analysis of normal peptides, the mass spectrum including fragmentation 
information is matched to the database composed of 1) masses and sequences of peptides in 
silico digested from all proteins in database using the specificity of the desired enzymes, 2) the 
theoretical mass spectra of fragment ions of those peptides. A number of scoring algorithms 
have been developed to distinguish true and false matches. The confidence of the analysis can 
be shown as a false discovery rate (FDR) [53]. This process is usually performed in an 
automated way. In case of cross-linked peptide identification, the database is a collection of 
chimeric sequences composed of all theoretical pairs of cross-linked peptides calculated from 
all peptides in a normal database. The number of all possible cross-links can be calculated by  

        (equation 1) 

where knXLDB is a number of all theoretically possible cross-linked peptides, n is a number of 
tryptic peptides in a normal database. Compared to the database used for identification of 
normal peptides, a number of all theoretically possible candidates in XLDB is exponentially 
increasing (Fig. 6). As a consequence, the distinction between true and false positive may be 
hampered since several candidates can be matched to the same mass spectra thus resulting in a 
high FDR. Standard database search tools, e.g., Mascot or OMMSA, cannot generate a XLDB 
to match the data obtained from mass spectrometry. Several programs have been developed to 
facilitate the identification of cross-linked peptides [59, 75-84]. However due to the challenges 
addressed above (large search space and high FDR) XLDB generated by such programs, for 
instance, xQuest [61] and pLink [60]are primarily restricted to small complexes. 
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Fig. 6 Number of candidates generated for linear peptide database (white bars) and cross-linked peptide database 
(black bars).  

 To our knowledge, the attempts for developing an automatic tool to produce a XLDB 
for standard database search engines like Mascot or OMMSA have been made firstly in 2009 
by Maiolica et al. and later adapted by Panchaud et al. in 2010 [63, 85]. A pseudo XLDB was 
created based on the notion that a cross-linked peptide pair A and B has the same mass as a 
linear peptide with an AB or BA sequence containing a monolink (Fig. 5), i.e., a peptide 
modified at one Lys residue with the cross-linker in which one of the activated ester bonds is 
hydrolyzed. In the xComb [63] approach, the proteins of interest are in silico digested with the 
desired enzyme. The resulting peptides containing a missed-cleavage at K are used to generate 
all the possible combinations followed by a linearization as such. Both linear permutations of 
cross-linked peptides A and B i.e. AB and BA are necessarily included in XLDB to cover as 
much as possible theoretical fragments of the cross-linked peptide; this causes the expansion in 
space of XLDB with the factor of two, (equation 2). Moreover only one form of permutations at 
a time is considered by the standard search engines resulting in an incomplete match of 
observed fragments, thus lowering the scores. 

        (equation 2) 

where knXCOMB is a number of all theoretical possible cross-links, n is a number of peptides in a 
normal database. Although generation of a XLDB for the identification of cross-linked peptides 
from an entire species-specific proteome is technically possible, CXMS using such XLDB as a 
database seems to be practically difficult for conventional laboratories due to the tremendous 
search space for cross-linked peptide identification. It has been estimated that human sequence 
database contains more than 1.3 million tryptic peptides [86] thus resulting in more than 84.5 
billion cross-link candidates. Moreover true and false positives can probably not be 
distinguished anymore. To overcome a combinatorial increase of putative cross-linked peptides, 
the identity of composing peptides is required. This information can be derived by using a 
cleavable-cross-linker approach. However there are still challenges that need to be surmounted 
as mentioned in the previous section. 
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Cross-linked peptide enrichment strategies 

The enrichment of cross-linked peptides prior to mass spectrometric analysis is a promising 
solution to improve CXMS [87]. The technique mainly used is affinity-based purification based 
on avidin–biotin interaction [25]. The avidin-biotin complex is considered as the strongest 
interaction between a protein and a ligand (Kd = 10-15M) [88]. It is considerably resistant to 
harsh conditions; high temperature, pH, denaturing agents, etc. Since it is relatively small (244 
Da), biotin can be conjugated to other molecules without any significant activity interference. 
Several approaches utilizing avidin-biotin affinity to isolate cross-linked peptides have been 
described. In 2003, by a using cleavable isotope labeling cross-linker tagged with biotin, 
Trester-Zedlitz et al. successfully enriched cross-linked peptides from NC2 β/α [89]. Biotin was 
then tagged to various kinds of cross-linkers e.g. bifunctional crosslinker [90], isotopically 
coded cleavable crosslinker [91] and photocleavable crosslinker [92]. However a careful 
optimization of breaking the avidin-biotin bond may be needed, since interruption of the 
interaction between avidin and biotin can be problematic. Moreover the approach may suffer 
from aspecific binding of peptides to the avidin resin. An alternative approach for sequestering 
of cross-linked peptides from peptide mixtures is a solid-support extraction. In this approach, 
chemical cross-linkers contain a functional group allowing chemical reactions to the capturing 
group on solid supports. The captured materials can be liberated by several techniques, e.g., UV 
irradiation [93, 94] or reduction of a cleavable disulfide bond [87]. The released materials are 
subsequently subjected to MS analysis. Yan et al. has demonstrated the use of solid supports to 
enrich cross-linked peptides using human serum albumin [93] and homodimeric pilM protein 
from P. aeruginosa 2192 (pilM) [94]. In this work, protein models were reacted with a 
homobifunctional (N-hydroxysuccinimide ester) cross-linker that contains a cryptic thiol group 
to facilitate further enrichment. In order to anchor cross-linked peptides to the photocleavable 
iodo-alkyl ligand SINB, the acetyl group which functions as a protecting group was removed by 
using N-hydroxylamine. The captured materials were then released through UV-cleavage of the 
SINB linker. The authors claimed that the mass spectrometric analysis of released materials 
was significantly improved and that the technique was applicable for complex samples. Since a 
modification through a solid-support is relatively clean and requires simply mild conditions for 
synthesis, the solid-support extraction was predicted [95] to soon become a more popular 
technique in a routine CXMS. In this section the principles involved in the enrichment of cross-
linked peptides that were developed and applied in this thesis are discussed. 

Enrichment by covalent attachment to a solid support 

Catalyst-free, Strain-Promoted [3 + 2] Azide−Alkyne Cycloaddition 

The Staudinger ligation has been introduced for decades as a method for bioconjugation in 
living cell without physiological harm [96]. Despite the potential for therapeutic applications 
shown by several studies, its requirement for phosphines makes this reaction less attractive 
owing to the low solubility of compounds and high response of phosphine groups to air 
oxidation. The [3+2] cycloaddition with alkynes described by Huisgen [97] and Sharpless [98] 
are still not fully applicable for biological systems due to its harsh conditions required to 
catalyze the reaction, for instance, high temperature, high pressure as well as copper(I) which 
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can generate free radicals and cause cell damage. The alternative reaction which is gentler to 
living system is Strain-Promoted [3+2] cycloaddition with azides, firstly described by Wittig 
and Krebs in 1961. The formation of a triazol which is a product of the reaction between stable 
cycloalkynes and phenyl azide, occurs due to a dramatical acetylene bond-angle deformation 
resulting in destabilization of the compounds which coherently accelerates the reaction-rate 
compared to that of unstrained alkynes. The large number of publications concerning this 
reaction to introduce selective modifications in living cell without cell damage demonstrates the 
applicability and compatibility in biological systems [87, 99-103]. 

Enrichment through electrostatic forces between charges 

Diagonal approach of Strong Cation Exchange Chromatography 

Diagonal chromatography was originally described by Brown and Hartley in 1966 in a work to 
identify disulfide bridges in bovine chymotrypsinogen A [104]. This simple but elegant 
technique starts with a separation of complex peptide mixtures by electrophoresis on a paper 
(Fig. 7). The peptides separated based on size and charge state. The peptides are then exposed 
to a vapour of performic acid in order to oxidize disulfide bonds yielding two peptides with a 
free cysteic acid residue. The resulting peptides accommodate an additional negative charge, 
changing their electrophoretic behavior. After that, the paper is applied to electrophoresis under 
the same conditions but in a direction perpendicular to the primary electrophoresis. The 
separated peptides are stained revealing the unmodified species on a diagonal, while the cysteic 
acid-containing peptides are of the diagonal. Edman degradation of the off diagonal peptides 
revealed their sequences and enabled location of the position of the disulfide bonds. The 
general principle of diagonal chromatography involves following two steps. 1) A proper 
separation method based on molecular properties of peptides/proteins is required. In general, 
the fractionation of peptide/protein mixtures either via electrophoresis or liquid 
chromatography is basically applicable 2) a proper selective modification of the target 
molecules is a key to a successful separation. The targeted molecules should be modified using 
a selective modification that changes the chromatographic behavior of the reacted materials. 

 In this thesis, the diagonal approach using strong cation exchange chromatography 
(SCX) as a core technique was applied. SCX chromatography is an approach mostly used to 
isolate/purify tryptic peptides through the interaction between positive charge of peptides with 
negatively charged functional moiety of the chromatographic support (stationary phase) [105]. 
Under acidic condition, nearly pH 3, the carboxylate groups at the C-terminus and on the side 
chains of aspartic and glutamic acid are predominantly protonated leaving solely protonated 
amine group on the side chains of histidine, lysine, arginine and N-termini to give peptides a 
net positive charge. A gradient of increasing salt concentration is then applied to release 
peptides bound to the column. The separation is fundamentally attributed to the number of basic 
residues present on each peptide. In protein cross-linking analysis, SCX chromatography has 
been extensively utilized to separate cross-linked peptides from other species [61, 85, 87, 106]. 
Principally, normal tryptic peptides predominantly accommodate two positive charges while 
cross-linked peptides contain at least four positive charges from N-termini and side chains of 
lysine or arginine at C-termini of both peptides. However separation is partial due to the 
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presence of many tryptic peptides with more than two positive charges, namely peptides with 
His residues, or Lys-Pro and Arg-Pro sequences which are not cleaved by trypsin. 

 
Fig. 7 diagonal map of a peptic digest of bovine chymotrypsinogen A. Briefly, the peptide mixture of 
chymotrypsinogen is separated using electrophoresis based on the charge state with the direction “Before oxidation 
” as shown in the figure. The separated peptides are then react with vapor of formic acid to oxidize disulfide 
bond resulting in two peptides with a free cysteic acid. The electrophoresis direction is then turn perpendicularly 
toward the previous direction. As shown the figure, the secondary electrophoretic direction is “After oxidation”. 
As a consequence, the intact products move with the same speed thus resulting in diagonal line pattern while the 
cleaved/modified products, in this case, accommodate additional negative charge (from cysteic acid), thus resulting 
in slower moving toward the negative pole. This figure was adapted from [104].  

Thesis outline  

A critical challenge undermining the full potential of structural analysis using chemical cross-
linking coupled with mass spectrometry (CXMS) is a low abundance of cross-linked peptides 
which can easily escape detection. To overcome such a challenge, enrichment of cross-linked 
peptide prior to CXMS is imperative. In this thesis, an azide-tagged cross-linker (BAMG) is 
utilized to facilitate the isolation of cross-linked peptides. This led to the development of 
methodologies tailored to enrich BAMG-containing material described in Chapter 2, 3 and 4. In 
Chapter 2, the isolation of azide-containing cross-linked peptides from a multi-subunit protein 
via [3+2] cycloaddition using a previously developed azide-reactive cyclooctyne (ARCO) resin 
is demonstrated. In Chapter 3, the development of a hydrophilic and highly reactive resin to 
facilitate the enrichment of BAMG-cross-linked peptides is discussed. A monofluoro 
cyclooctyne (MFCO) resin was tested with a peptide and a protein model. In Chapter 4, a new 
method to enrich azide-containing cross-linked peptides using diagonal strong cation exchange 
chromatography (2SCX) is described and a new strategy for mass spectrometric identification 



Chapter 1 

26 
 

was developed. The methodology was applied to a cross-linked sample from a HeLa nuclear 
extract. In Chapter 5 the use of 2SCX was extended to unravel a long lasting biological 
question i.e. the interaction sites between bacterial RNA polymerases and helicases. The 
obtained information was used to discuss putative functions of the complex. Finally, Chapter 6 
discusses on improvements of methodologies developed in this thesis and their applications. 
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Selective enrichment and identification of 
cross-linked peptides to study 3-D structures 
of protein complexes by mass spectrometry 
 

 

 

Abstract 

Chemical cross-linking of protein complexes combined with mass spectrometry is a powerful 
approach to obtain 3-D structural information by revealing amino residues that are in close 
spatial proximity. To increase the efficiency of mass spectrometric analysis, we have 
demonstrated the selective enrichment of cross-linked peptides from the 350 kDa protein 
complex RNA polymerase (RNAP) from Bacillus subtilis. Bis(succinimidyl)-3-azidomethyl 
glutarate was used as a cross-linker along with an azide-reactive cyclooctyne-conjugated resin 
to capture target peptides. Subsequently released peptides were fractionated by strong cation 
exchange chromatography and subjected to LC-MS1MS2. We mapped 10 different intersubunit 
and 24 intrasubunit cross-links by xComb database searching supplied with stringent criteria for 
confirmation of the proposed structure of candidate cross-linked peptides. The cross-links fit 
into a homology model of RNAP. Cross-links between β lobe 1 and the β′ downstream jaw, and 
cross-links involving the N-terminal and C-terminal parts of the α subunits suggest 
conformational flexibility. The analytical strategy presented here can be applied to map 
protein–protein interactions at the amino acid level in biological assemblies of similar 
complexity. Our approach enables the exploration of alternative peptide fragmentation 
techniques that may further facilitate cross-link analysis. 

*This chapter has been published: Hansuk Buncherd, Merel A. Nessen, Niels Nouse, Sacha K. Stelder, Winfried Roseboom, 
Henk L. Dekker, Jos C. Arents, Linde E. Smeenk, Martin J. Wanner, Jan H. van Maarseveen, Xiao Yang, Peter J. Lewis, Leo J. 
de Koning, Chris G. de Koster, Luitzen de Jong, Journal of Proteomics, 2012. 
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Introduction 

Knowledge about the tertiary and quaternary structure of a protein complex is important to 
understand its action on the molecular level. Common techniques to obtain high resolution 
structures of proteins include X-ray diffraction and nuclear magnetic resonance (NMR). 
However, not all proteins are suitable for study by these methods. Other techniques frequently 
employed in order to obtain structural information are cryo electron microscopy followed by 
3D reconstruction and small angle X-ray scattering (SAXS). These methods give rise to low 
resolution structures, and by modeling, different modules of the protein or protein complex can 
be placed within the structure. To validate and optimize the models, distance constraints within 
a protein or between proteins can be obtained by chemical cross-linking and mass spectrometry 
[1-8]. Also results from information-driven docking approaches can be experimentally 
validated with cross-linking [9]. The most commonly used cross-linkers are bifunctional N-
hydroxy-succinimidyl (NHS) esters that are reactive towards the primary amines in a protein, as 
present in lysine side chains and N-termini. From the length of the spacer of the cross-linker, 
the maximum distance between the amines can be determined and used as constraints for 
modeling. 

 After digestion of a cross-linked protein (complex), three types of cross-linker-modified 
peptides are expected in the digest, along with unmodified linear peptides, i) mono-links or type 
0 cross-links, modification of peptides by a partially hydrolyzed cross-linker, ii) loop-links or 
type 1 cross-links, a cross-link within one peptide and iii) cross-links or type 2 cross-links, a 
cross-link between two different peptides [10, 11]. Mainly type 2 cross-linked peptides provide 
powerful 3-D structural information, especially those containing an intersubunit cross-link. 
However, type 2 cross-linked peptides are usually both rare, and of low abundance, hampering 
efficient mass spectrometric identification. 

 Recently, several approaches have been described for enrichment of type 2 cross-linked 
peptides to facilitate mass spectrometric analysis. Enrichment of target peptides after digestion 
of a cross-linked protein by trypsin digestion can be achieved by strong cation exchange 
chromatography at low pH [11, 12]. However, separation from the other peptides is only 
partial. A new amine specific cross-linker, diethyl suberthioimidate, enables a more effective 
enrichment of type 2 cross-links based on strong cation exchange chromatography [13, 14]. 
However, the cross-link efficiency of diethyl suberthioimidate is low, implying the necessity of 
reaction conditions that may be unfavourable for labile protein complexes. Enrichment 
approaches using covalent capturing to a thiol reactive resin [15], affinity chromatography [16-
20] combined with the use of a cleavable cross-linker [21] or diagonal chromatography 
combined with a cleavable cross-linker [22] have up to now only been applied to relatively 
small proteins. Another cleavable cross-linker provided with a biotin moiety for affinity 
purification has a very long spacer [23, 24] and, therefore, is less suitable than short cross-
linkers for obtaining distance constraints to validate detailed 3-D models. 

 The limitations of existing methodology to enrich the low abundant information rich 
type 2 cross-links suggests that their mass spectrometric detection and structural elucidation 
would be tremendously facilitated by a more effective isolation procedure. We recently 
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presented a solid phase enrichment method that uses the azide-reactive cyclooctyne (ARCO) 
resin. Peptides containing an azido group, including peptides modified by an azide-containing 
N-hydroxysuccinimide cross-linker, could be specifically isolated from a protein digest via a 
selective covalent linkage to the ARCO resin by the strain-promoted azide–alkyne 
cycloaddition reaction [25]. Based on this approach, we describe here the development of a 
workflow for the isolation and identification of type 2 cross-links from a multisubunit enzyme 
complex, RNA polymerase (RNAP) from Bacillus subtilis. 

Results 

Choice of the ARCO resin 

The aim of this work is to assess the suitability of a solid phase copper-free click chemistry 
reaction for selective enrichment and efficient identification of cross-linked peptides from large 
protein complexes, according to the scheme depicted in Fig. 1A. Besides the ARCO resin, we 
tested the usefulness of two other cyclooctynes, an azacyclooctyne and a 
monofluorocyclooctyne coupled to polydimethylacrylamide beads (supplemental results, 
supplemental Fig. S1). 

 

 
 

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 ARCO-resin. After 
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). BAMG adds 151.0 Da to type 1 and type 2 cross-links and 
169.1 Da to type 0 cross-links. C, ARCO-resin, consisting of a poly-dimethylacrylamide solid support, a 
disulphide as cleavable linker and a cyclooctyne as reactive group towards azides. Via the strain-promoted azide–
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alkyne cycloaddition, azide-containing peptides are captured on the resin. D, enriched cross-linked peptides. The 
modification adds 509.2 Da to type 1 and type 2 cross-links and 527.2 Da to type 0 cross-links. 
 
The xComb/Mascot approach to identify cross-linked peptides 

Mapping of cross-links in large protein complexes, like RNAP, requires calculation of a 
database of all possible cross-linked peptides and a search engine to identify candidate peptides 
based on tandem mass spectrometric data. For database generation we use the software tool 
xComb [26]. In the xComb-created library, each pair of peptides in a cross-link is represented 
by a linear structure. The database is interrogated with MS1MS2 data from a cross-linked 
protein digest by a search engine for peptide identification. Coupling of the cross-linker, 
hydrolyzed at one side, to a lysine residue is included as a variable modification, resulting in 
equal masses of target peptides and database entrees. A candidate cross-linked peptide may be 
nominated based on the partial resemblance of experimental mass data and the calculated list of 
fragment ions of its linearized counterpart [26, 27]. xComb has been made freely accessible via 
the Internet [26]. It can be combined with several search engines for peptide identification. 
Here we use Mascot as a search engine. 

Effectiveness of the xComb/Mascot approach to identify cross-linked peptides isolated by 
capturing to the ARCO-resin 

To test the effectiveness of the xComb/Mascot strategy for identification of BAMG-cross-
linked peptides modified with the cyclooctyne–triazole-spacer moiety, a peptide sample 
containing cross-links of known identity is required. For this purpose we used a tryptic digest of 
BAMG-treated cytochrome c subjected to the ARCO resin-mediated enrichment procedure 
depicted in Fig. 1. The combination of capturing by the ARCO-resin and SCX chromatography 
of released peptides leads to a high enrichment of type 2 cross-links (supplemental results, 
supplemental Table S1, supplemental Figs. S2 and S3). The small size of cytochrome c enables 
identification of most type 2 cross-links based on accurate mass measurement of peptides. 
Matching the experimental accurate mass data with a calculated database of type 2 cross-linked 
peptides resulted in the nomination of 11 unique candidates and 2 candidates for a peptide at 
2221.23 m/z, with cross-links between K73 and K86 and between K79 and K87 respectively 
(supplemental Table S1). LC-MS1MS2 experiments amply confirmed the identity of the 11 
unique candidates, including a number of variants due to partial oxidation of methionine 
residues, as well as that of the K73–K86 cross-link and provided no evidence for the existence 
of a cross-linked peptide connecting K79 and K87 (supplemental Table S2 and Supplementary 
materials). These results show that BAMG-cross-linked peptides can be highly enriched and 
that the enriched peptides modified with a triazole–cyclooctynes-spacer moiety can yield 
informative fragmentation spectra, enabling unambiguous identification. 

 To test the xComb/Mascot strategy, a database was calculated from a list of proteins 
composed of cytochrome c and the four subunits of B. subtilis RNA polymerase. Upon 
searching the database with MS1MS2 data, all cross-linked peptides, identified as described in 
the previous paragraph, were repeatedly nominated by Mascot as candidates in three different 
LC- MS1MS2 runs. (supplemental Table S2). Also a number of false positives were put 
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forward, but these could be discarded by applying additional criteria with respect to the number 
of fragment ions from both peptide moieties required for confirmation, as formulated in 
Materials and Methods (supplemental results, supplemental Table S2). These results provided a 
firm basis to explore the ARCO-beads-based enrichment combined with the xComb/Mascot 
approach for mapping cross-links in more complex systems. 

Identification of cross-linked peptides from RNA polymerase 

As a model system for cross-link analysis of large biological assemblies we study RNA 
polymerase (RNAP) from Bacillus subtilis. This is a useful and representative model system for 
the development of cross-link analysis strategies for several reasons. It is a relatively large 
assembly of 345 kDa, built up from 4 different subunits, α (34.8 kDa), β (133.6 kDa), β′ (134.2 
kDa) and ω (7.7 kDa) assembled in a 2:1:1:1 stoichiometry. The complex contains 195 lysine 
residues, corresponding to 6.3% of the total number of residues, i.e., a percentage close to the 
proteome wide occurrence of this amino acid. Furthermore, B. subtilis RNAP can be 
conveniently expressed in Escherichia coli (30). A homology model [28] based on the crystal 
structure of Thermus aquaticus RNAP [29] is available. 

 Recombinant B. subtilis RNAP, C-terminally tagged with nine consecutive histidine 
residues, was obtained by overexpression in E. coli and purified as described before [30]. The 
enzyme was subjected to cross-linking with BAMG at the relatively low cross-linker 
concentration of 0.2 mM. The effect of cross-linking on the formation of intersubunit cross-
linking was studied by SDS PAGE (Fig. 2). For these studies DSG was chosen as a cross-linker 
since it has the same cross-link efficiency as BAMG [22], while DSG-induced cross-links, in 
contrast to BAMG-induced cross-links [22, 31], are stable under conditions of SDS PAGE in 
the presence of β-mercaptoethanol. Under the chosen cross-link conditions the amount of 
protein in the β/β' band decreased by approx. 50%, while material of lower mobility appeared 
on the gel, indicating that intersubunit cross-links had formed (Fig. 2). Also the α subunits were 
converted to material of lower mobility. After digestion, the cross-linked peptides were 
enriched via the ARCO-resin and subjected to fractionation by SCX chromatography according 
to the procedure depicted in Fig. 1. The chromatogram obtained after SCX chromatography of 
released material from the ARCO beads is depicted in supplemental Fig. S4. Mass 
spectrometric analysis of SCX fractions with LC-MS1MS2 revealed the presence of 46 
unmodified peptides, 112 type 0 cross-links and 20 type 1 cross-links (supplemental Table S3). 
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Fig. 2 SDS-PAGE of RNA polymerase before (lane A, 1.25 μg RNAP) and after cross-linking with 0.2 mM DSG 
(lane B, 1.25 μg; lane C, 2.5 μg, and lane D, 5 μg). The β and β′ subunit migrate in the same band. Material of low 
mobility represents cross-linked subunits. At the low cross-linker concentration used, and the mild reaction 
conditions (2 hr. on ice) roughly 50% of β/β′ had not yet formed intersubunit cross-links. These conditions were 
chosen to limit the risks of cross-linker-induced protease resistance and conformational changes. The ω subunit (8 
kDa) is outside the separation area of the gel. 

 Sixty eight number one candidate type 2 cross-linked peptides for MS1MS2 spectra from 
64 different precursor m/z values were nominated by Mascot using the xComb database created 
as described in Materials and Methods. More than 90% of type 2 cross-link candidates were 
found in SCX fractions 6 to 10, while approx. 70% of the unmodified peptides and type 0 and 
type 1 cross-links eluted in the first 5 SCX fractions (supplemental Table S3). This underscores 
the usefulness of SCX chromatography to further enrich type 2 cross-links after capturing to 
and release from the ARCO resin. 

 MS1MS2 spectra of part of the candidates contained only fragments from one peptide. 
The lack of sequence information from one of the two peptides involved in a cross-link 
prevents distinction between a true positive and a false positive, the latter being possibly the 
result, for instance, of unknown experimentally introduced chemical changes, naturally 
occurring post-translational modifications or cross-linking at other residues than lysine or the 
N-terminal amino acid [32]. Thirty six candidate cross-linked peptides, comprising 34 different 
cross-links, remained upon subjection of MS1MS2 spectra to additional criteria with respect to 
the presence of unambiguous fragment ions from both peptides (supplemental Table S4). Fig. 3 
shows the effect of this filtering on the distribution of candidate cross-links in relation to the 
distances between Cα atoms of connected lysine pairs in the model of RNAP, as far as the 
cross-links are not located in unresolved areas in the crystal structure of the template used for 
modeling. Before filtering a number of candidates had distances that exceed the span of the 
cross-linker by tens of Ångstroms. Such candidates may either be in conflict with the model or 
be false positives. After applying the criteria for confirmation, only candidates with cross-link 
distances less than 30 Å remained (Fig. 3, supplemental Table S4), although the identity of still 
12 candidates in this group nominated by Mascot could not be confirmed by the applied 
criteria. The complete disappearance of candidate cross-links spanning distances exceeding 30 
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Å upon an increase in the stringency of criteria for confirmation suggests that true positives are 
confined to the group of cross-links spanning distances less than 30 Å. 

 

Fig. 3 Distribution of type 2 cross-links in RNA polymerase as a function of the distance between the Cα atoms of 
linked residues. White bars, all possible K–K linkages expressed as percentage of the total number. Grey bars, 
number of cross-linked peptides nominated by Mascot upon screening an xComb database with tandem mass 
spectrometry data. Black bars, identified cross-linked peptides after application of criteria for the presence of 
MS1MS2 signals from both peptides in the cross-link pairs. 

Reporter ions detected in MS1MS2 spectra of cross-linked peptides 

It is noteworthy that most MS1MS2 spectra of type 0, type 1 and type 2 cross-links revealed the 
presence of an m/z 402.2 fragment ion resulting from cleavage of the C–N bond between the 
spacer of the cross-linker and the triazole–cyclooctyne moiety. Also neutral loss of 401.2 Da 
from the precursor ion due to the same cleavage reaction is frequently observed. Further 
fragmentation of the m/z 402.2 ion by cleavage of its amide bond results in the formation of an 
ion at m/z 268.1. This fragmentation behavior of the triazole–cyclooctyne moiety was noticed 
before for azidohomoalanine-containing peptides enriched via the ARCO resin [25]. In 
addition, cleavage of the amide bond formed by reaction of the ε-amine group of lysine residues 
with the active ester of the cross-linker is also frequently observed. For type 2 cross-links this 
type of cleavage yields fragment ions that add confidence to peptide identification. An example 
of the different types of ions formed upon fragmentation of a type 2 cross-link is shown in Fig. 
4A. For type 0 cross-links the cleavage of the amide bond between a lysine and the cross-link 
remnant yields the unmodified parent peptide and a reporter ion at m/z 528.2 (Fig. 4B). 
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Fig. 4. Fragment ion spectra of cross-linked peptides showing reporter ions and cleavages of the cross-link along 
with peptide bond cleavages. A, type 2 cross-linked peptide (m/z 529.287, 5+) connecting α(I)M1 and α(II)K88; 
filled diamonds, fragments from MIEIEKPK; open diamonds, fragments from KLALKYISDEEK; asterisk, reporter 
ion at m/z 402.2; open square, reporter ion at m/z 268.1; hexagon, fragment ion resulting from a neutral loss of 
401.2 Da; triangles, fragment ions resulting from cleavage of the cross-link, leading to the unmodified peptides. B, 
type 0 cross-link (m/z 752.409, 3+) modified at β′K1026; open square, reporter ion at m/z 528.2; asterisk, reporter 
ion at 402.2 m/z. 

Cross-links are in agreement with a model of the 3-D structure of RNA polymerase and 
reveal conformational flexibility 

Most cross-links span distances less than 17.5 Å (supplemental Table S4), and, therefore, are in 
perfect agreement with the model of RNA polymerase. See supplemental results for the 
maximal distance between Cα atoms of BAMG-induced cross-linked lysine residues. Cross-
links spanning distances between 17.5 Å and 30 Å either may be explained by conformational 
flexibility or may require refinement of the model. One cross-link connects the aminoterminal 
methionine of α with K88 of α. This cross-link is present in two cross-linked peptides, one 
containing a missed cleavage site for trypsin. Since there are two α subunits in the complex, 
four different combinations are possible for the M1-K88 connection. The intersubunit 
combination between M1 of αI and K88 of αII (Fig. 4A) spans the shortest possible distance, 
i.e., 28.9 Å, still exceeding the maximal distance that can be spanned by BAMG by more than 
10 Å. This can be explained by assuming that the N terminus is mobile. Indeed, in the Thermus 
aquaticus RNAP crystals 2–5 residues of the amino termini of the α subunits are not resolved, 
suggesting that the N-termini have some freedom to move. 

 Ten other cross-links span distances exceeding 17.5 Å, varying from 0.7 to 11.9 Å 
(supplemental Table S4). The Cα atoms of the linked residues with mutual distances exceeding 
20 Å are often characterized by relatively high crystallographic B factors in corresponding 
residues in the template structure from T. aquaticus used for modeling (Table 1). This suggests 
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that these residues are in areas of relatively high mobility. The cross-link between K156 (β) and 
K987 (β') is located in the area where β lobe 1 and the lower downstream jaw formed by part of 
β', also called downstream mobile clamp [33], approach each other (Fig. 5). The discrepancy of 
nearly 12 Å between the distance of cross-linked lysines between β-lobe 1 and the β′ 
downstream claw region in the model and the maximal cross-linker span distance suggests that 
these domains can move with respect to each other over considerable distances. This is 
consistent with a large conformational flexibility in bacterial RNA polymerase revealed by 
electron microscopy [34, 35] and with regions of disorder detected in solution [36]. A recent 
study of yeast RNA polymerase II likewise resulted in a number of cross-links spanning 
distances exceeding those determined by X-ray crystallography [37]. Considering the 
conformational flexibility in certain parts of the enzyme, and taking into account that the 
structure of the template for modeling was obtained at a resolution of 3.3 Å, we conclude that 
the cross-links identified here are in agreement with the model of the structure of B. subtilis 
RNA polymerase. 

Table 1. Crystallographic B factors in the template structure used for modeling the RNA polymerase of Cα atoms 
corresponding to cross-linked residues farther than 20 Å apart. Boldface, cross-linked residues. 
Peptide A Peptide B Distance 

(Å) 
Position of cross-
link 

Crystallographic B-factors (Å2) 
of corresponding residues in 
RNAP from T. aquaticus 

DTKLGPEEITR LLHAIFGEKAR 22.11 βK803–βK868 82.12 (βK716), 111.57 (βK781) 
KGFTATVIPNR DKQQEIVVQGAVETR 29.40 βK156–β′K987 127.43 (βY158), 181.56 

(β′R1289) 
KPETINYR AKVR 23.40 β'K30–β'86 143.48 (β′K28), 214.08 (β′I84) 
SKLLITTVGK FFLEKGADVK 20.06 β′K556–β′K598 81.86 (β′A849), 49.45 (β′A889) 
VISIWSAAKDVIQGK KGLADTALK 22.18 β'K709–β'K785 89.68 (β′T1001), 58.29 

(β′K1080) 
LKVAEGDK VTDLTTVQEYLLHEVQKVYR 20.09 β′K1011–β′K1053 186.02 (β′L1312), 55.75 

(β′K1354) 
VLTDAAIKGK DELLGLKENVIIGK 21.68 β′K1152–β′K1162 43.95 (β′A1453), 70.38 

(β′K1463) 
 

 



Chapter 2 

40 
 

Fig. 5. Position of a cross-link between K156 in the β-lobe 1 and β'K987 at the tip of the downstream jaw 
exceeding the span of the cross-linker, suggesting conformational flexibility in this part of the RNA core 
polymerase (panel A). Panel B shows the MS1MS2 spectrum of the m/z 853.710536 (4+) precursor ion and 
identified fragment ions. Filled diamonds, fragment from KGFTATVIPNR; open diamonds, fragments from 
DKQQEIVVQGAVETR. 

The distances of 5 cross-links could not be determined, as all five contain K294 located in the 
unresolved C terminal domain of the α chains. A remarkable cross-link is found between K294 
of αI or αII and K161 of β', located at the tip of the N-terminal part of lower claw region [34] of 
β', ~ 120 Å away from the well-structured domain, ending at T228, of the most nearby α 
subunit on the opposite part of the complex (Supplemental Fig. S5). This suggests that the 
mobile α C-terminus can extend over large distances. Interactions between different enzyme 
molecules in a ‘head to tail’ orientation might provide an alternative explanation for the 
αK294–β'K161 cross-link. The cross-link between K294 in αI or αII and K704 of β is also far 
away (> 40 Å) from the well-structured part of the most nearby α subunit. 

 For understanding of the spatial arrangement of subunits in protein complexes, 
intersubunit cross-links are highly informative. Assuming that the connection between M1 and 
K88 is formed between αI and αII, we find cross-links between all subunits that are known to 
interact with each other, comprising α–α, α–β, α–β', β–β' and β'–ω interactions (supplemental 
Table S4). The high yield of intersubunit cross-links indicates that our approach is very 
promising in structural studies of assemblies of similar complexity as RNAP. 

Large cross-linked peptides may escape detection 

Out of the 36 identified type 2 cross-linked peptides only one species exceeds 4000 Da. On the 
contrary, no less than 37% of all possible cross-linked tryptic peptides with no missed 
cleavages spanning < 23.5 Å in the model of RNAP are more than 4000 Da (Supplemental Fig. 
S6). The underrepresentation of identified type 2 cross-linked peptides of a relatively large size 
can also be inferred from other recent data obtained with large complexes [37-40]. This implies 
that decreasing the peptide size by double digestion would bring a substantial fraction of cross-
linked peptides within a mass range suitable for structural elucidation. Such a double digest 
approach may benefit from the enrichment obtained with the ARCO resin. 

Discussion 

The most important result reported here is the selective enrichment and identification of type 2 
cross-linked peptides from a digest of a large biological assembly. Selective enrichment is 
obtained by using a cross-linker bearing an azido group in the spacer and by capturing the 
target peptides to an azido-reactive cyclooctyne resin, followed by fractionation of released 
material by SCX chromatography and mass spectrometric analysis. The mapping of the cross-
links in the isolated peptides at the amino acid level was achieved using the software tool 
xComb that can be combined with several search engines for peptide identification [26]. By our 
enrichment approach an important limitation has been circumvented in cross-link analysis, 
namely the rare occurrence and low abundance of type 2 cross-links in proteolytic digests. The 
enrichment is so effective that the low concentration of the cross-linker used in our experiments 
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enabled mapping of several intersubunit cross-links. The low average number of cross-links per 
enzyme molecule under the experimental conditions both prevents the target protein becoming 
protease-resistant [22] and diminishes the possibility of conformational changes induced by the 
imposed reactions. 

 The enrichment procedure via capturing to the ARCO resin is robust, since the strain-
promoted azide–alkyne cycloaddition reaction can take place in both aqueous media at different 
pH values and in organic solvents like DMF. The polymeric material used to conjugate the 
azide-reactive cyclooctyne moiety, dimethyl polyacrylamide beads [25, 41], is easy to handle in 
amounts as low as 0.5 to 2 mg in 1:1 water/acetonitrile mixtures of different pH values and 
ionic strengths. The beads do not stick to polypropylene surfaces under these conditions and 
can be efficiently washed batchwise in 2 ml vials by resuspension in volumes as large as 1–2 ml 
of different media, followed by brief centrifugation and convenient complete removal of the 
supernatant by pipetting. The beads can also be subjected to solvent-dependent swelling and 
shrinking [41]. An interesting application one can think of is trypsin-mediated 18O labeling of 
C-termini of captured peptides on the beads for recognition of mass signals corresponding to 
type 2 cross-linked peptide ions and for more easy interpretation of fragment spectra [42] or for 
quantitative purposes [43-45]. To this end, the beads with the covalently attached peptides can 
be shrunk and fully dehydrated in dry acetonitrile and be swollen in a small volume of a trypsin 
solution in 18O water, followed by quenching of the reaction and dilution and washing to 
remove the trypsin. 

 The good agreement of the set of 24 identified intrasubunit type 2 cross-links and 10 
identified intersubunit cross-links with knowledge about the 3-D structure of prokaryotic RNA 
polymerases suggest that our analytical approach does not suffer from false positives. 
Therefore, the methodology is promising for cross-link analysis of biological assemblies as 
complex as the B. subtilis core RNA polymerase. This enzyme can interact with several 
different initiation and elongation factors that regulate transcription [46]. Since the precise 
mechanism of action of these factors is often not known and no high resolution structures are 
available for many of the enzyme-transcription factor complexes it will be attractive to map the 
interaction sites with our approach. 

 While results suggest the absence of false positives, our approach may not fully exclude 
the presence of false negatives. The presence of false negatives is suggested by the nonrandom 
distribution of cross-link distances in candidate cross-linked peptides nominated by Mascot of 
which the proposed structure could not yet be confirmed by employing the criteria for 
assignment as defined in this work. The reason for excluding a candidate cross-link from the 
list of identified species is lack of sufficient sequence evidence for one of the two peptides, 
most often a small peptide. This problem is generally recognized and alternative fragmentation 
techniques, i.e., electron transfer dissociation [40, 47], electron capture dissociation and 
infrared multiphoton dissociation have been explored [48-50] to improve the sequence coverage 
of cross-linked peptides. Further development in these areas may benefit from our isolation 
procedure for cross-linked peptides. 
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Conclusion 

We have presented a procedure for the enrichment of type 2 cross-linked peptides from a digest 
of RNA polymerase treated with a low concentration of the amine specific cross-linker 
bis(sucinimudyl)-2azidomethyl glutarate (BAMG). BAMG has a short spacer that can reveal 
highly informative distance constraints, and is provided with an azido group for capturing target 
peptides to an azide-reactive cyclooctyne resin. The enrichment procedure is robust and fast 
and the obtained type 2 cross-links can be identified using LC-ESI-MS1MS2 (CID) analysis and 
existing bioinformatics tools. Cross-links were detected for all known intersubunit interactions 
and, together with numerous intrasubunit cross-links, fit into a model of the 3-D structure of 
RNA polymerases. Our method for efficient mapping of cross-links is applicable to biological 
assemblies as complex as RNA polymerase. Use of alternative peptide fragmentation 
techniques like ETD, ECD and IRMPD may also benefit from the enrichment method presented 
here. 
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Materials and methods 

Synthesis of reagents 

Monofluorocyclooctyne (MFCO) was synthesized as described [51]. Azacyclooctyne [52] was kindly provided by 
Drs. Bertozzi and Sletten, University of California, Berkeley. Coupling of cyclooctynes to dimethyl 
polyacrylamide beads was carried out as described previously [25]. Bis(succinimidyl)-3-azidomethylglutarate 
(BAMG) [22] was prepared with omission of the purification of the intermediate 3-(azidomethyl)-glutaric acid. 

Protein determination; polyacrylamide gel electrophoresisis 

Protein was measured using bicinchoninic acid [53] using a protein assay kit (Pierce). For polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl sulphate [54], 3–8% gradient NuPAGE Tris–acetate gels 
(Invitrogen) were used and stained with Coomassie Brilliant Blue. 

Purification of RNA polymerase 

Bacillus subtilis RNAP core enzyme (α2ββ'ω) was overproduced in Escherichia coli using the dual plasmid system 
[30]. After Histrap column (GE healthcare) purification the protein was loaded onto a 1 ml ResourceQ column (GE 
healthcare) pre-equilibrated with 50 mM HEPES, 150 mM NaCl, 10% (v/v) glycerol, pH 7.4 (HNG buffer). A 
linear gradient from 150 mM to 1 M NaCl was applied over 10 min at a flow rate of 1 ml/min [30]. 

Cross-linking and digestion 

For cross-linking, 1 ml of the RNAP peak fraction eluting from the ResourceQ column at 350 mM NaCl, 
containing 0.7 mg protein, was mixed with 1.5 ml HNG medium. Cross-linking on ice was started by the addition 
of 0.2 mM BAMG and was continued for 2 hr. Cross-linking with disuccinimidyl glutarate (DSG, Thermo Fisher) 
for SDS PAGE analysis was carried out on small scale under the same conditions. The reaction was quenched by 
adding 1 M Tris–HCl, pH 8.0, to a final concentration of 20 mM . Subsequently, the protein was concentrated on a 
Amicon Ultra 10 kDa filter (Millipore). Sulfhydryl groups were alkylated at room temperature in the dark for 30 
min in a medium composed of 6 M urea, 50 mM iodoacetamide and 50 mM Tris–HCl pH 8. The preparation was 
diluted with 50 mM Tris–HCl pH 8 to lower the urea concentration to 2 M and then digested with trypsin (Trypsin 
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Gold, Promega, Madison, WI, USA)) (1:20 w/w) for 3 h at 37 °C. The digest was desalted on C18 reversed phase 
pipette tips (TT3 Toptips, Glygen), eluted with 0.1% TFA in 50% acetonitrile and dried in a vacuum centrifuge. 

Enrichment of cross-linker modified peptides by the ARCO resin 

A BAMG-cross-linked protein digest in 50 μl 0.1% TFA in 50% acetonitrile was added to ~ 2 mg of dry ARCO 
resin and incubated at 40 °C for 24 hr. After capturing, the resin was washed for 10 min with 1 ml 0.1 M acetic 
acid in 50% acetonitrile, 1 ml 0.6 M NaCl in 50% acetonitrile and finally 1 ml 0.1 M ammonium bicarbonate in 
50% acetonitrile. Captured peptides were released by incubating the resin for 30 min with 50 μl of a solution 
containing 5 mM tris(carboxyethyl)phosphine (TCEP) and 0.1 M ammonium bicarbonate in 50% acetonitrile, 
followed by alkylation of free thiols with 20 mM iodoacetamide. After 30 min, peptides were desalted with TT3 
Toptips (Glygen), eluted in 50 μl 0.1% TFA in 75% acetonitrile and dried in a vacuum centrifuge. 

Fractionation of cross-linked peptides by strong cation exchange (SCX) 

Material recovered from the enrichment by the ARCO resin was solubilized in 50 μl 0.1% TFA and immediately 
diluted with 1 ml of a solution containing 10 mM potassium phosphate buffer, pH 2.9 in 25% acetonitrile for 
loading on a polysulfethyl aspartamide column (2.1 mm 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 over 20 min followed by a gradient over 
10 min to 500 mM KCl. Light absorption of the effluent was continuously measured at 214 nm and 280 nm. 
Material with absorbance at 214 nm eluting upon the start of the KCl gradient was collected in 0.2 ml fractions, 
desalted on C18 reversed phase pipette tips, eluted with 0.1% TFA in 50% acetonitrile, divided over 3–5 200 μl 
glass insert vials (Grace), and stored dry after evaporation of the solvents in a vacuum centrifuge. 

Mass spectrometry 

Sample loading 

Dry samples in glass insert vials were reconstituted with a solution containing 0.1% TFA in 5% acetonitrile just 
prior to LC-MS1MS2 analysis to prevent possible premature aggregation of peptides [55]. 

LC-FTICR MS1MS2 

MS1MS2 data were acquired using an ApexUltra Fourier transform ion cyclotron resonance mass spectrometer 
(Bruker Daltonic, Bremen, Germany) equipped with a 7 T magnet and an Apollo II dual source coupled to an 
Ultimate 3000 HPLC system with a 300 μm ID, 250 mm C18 reverse phase column (Dionex, Sunnyvale, CA, 
USA) operated at a flow rate of 3 μl/min. After injecting samples, the LC gradient profile started at 100% buffer A 
(0.1% formic acid (v/v/) in water). The acetonitrile concentration was raised linearly by mixing with buffer B 
(0.1% formic acid in 50% acetonitrile) to 12.5% acetonitrile in 5 min, then to 22.5% in 20 min and finally to 50% 
in 5 min. Ions were selected by data-dependent acquisition in the Q sector and subjected to collision-induced 
dissociation in the hexapole at an argon pressure of about 6.4–7.1.10− 6 mbar measured at the pressure gauge. 
Data were processed with Mascot distiller version 2.4.2. (Matrix Science). 

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., 5 mm 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 [25]. 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 
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s with argon as collision gas at a pressure of 0.04 mbar measured on the quadrupole pressure gauge. Fragmentation 
spectra were processed with Masslynx Proteinlynx software, generating peak list files (pkl). 

Data analysis 

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

The SwissProt Bacillus subtilis database was used for identification by Mascot of unmodified peptides, type 0 
cross-linked peptides and type 1 cross-linked peptides. 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. 

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 [26, 27]. 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 four 
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) a fixed modification in the form of 
carbamidomethyl at C; (iv) a variable modification at K with a group of composition C26H33N5O5S. For MS1MS2 
data obtained with FTMS, the precursor tolerance was set at 20 ppm and the product ion tolerance at 0.05 Da. 
Identified unmodified peptides and type 0 cross-linked peptides were used for internal calibration to obtain a mass 
accuracy for precursor ions better than 8 ppm. Criteria used for confirmation of type 2 cross-links were a mass 
tolerance window of 8 ppm for the intact peptide ion and detection of at least 5 unambiguous fragment ions for 
cross-linked peptides built up from up to 25 amino acids, and 6 unambiguous fragment ions for peptides composed 
of more than 25 amino acids. Both peptides in the cross-link should be represented by at least one fragment. All 
required fragments should belong to the 30 signals of highest intensity. 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 confirmation 
of the identity of type 2 cross-linked candidates, detection of the following numbers of unambiguous fragment ions 
dependent on the size of the cross-linked peptide was required: at least 5 fragments of which at least 2 fragments 
from each of the two peptides for cross-linked peptides up to a total of 15 residues; for cross-linked peptide pairs 
of more than 15 residues: at least 2 fragments for a peptide if it contains 4 or 5 amino acids, at least 3 fragments if 
it contains 6 or 7 residues and at least 4 fragments for peptides built up from 8 or more amino acids. The required 
unambiguous fragment signals should belong to the 55 signals of highest intensity in MS1MS2 spectra. 
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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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Materials and methods 

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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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. 
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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 



Chapter 4 

82 
 

 

 

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. 
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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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Structural analysis of RNA polymerase - 
helicase complexes by chemical cross-linking 
and mass spectrometry 
Abstract 

Information about dynamics and interactions within multi-protein complexes are essential to 
understand biological processes. Unfortunately, high-resolution structure determination 
techniques i.e. X-ray crystallography and NMR are often not applicable to these 
macromolecular complexes. Chemical cross-linking of protein complexes coupled to mass 
spectrometry (CXMS) of peptides is a technique that can provide spatial amino acid distance 
constraints imposed by the length of the spacer of the cross-linking agent, to obtain low 
resolution (10-30 Å) structural information. However, in particular the low abundance of cross-
linked peptides makes this approach analytically challenging. In Chapter 4, we have developed 
an approach enhancing the efficiency of CXMS. In this chapter, the usefulness of the approach 
was further demonstrated by mapping several cross-links between bacterial RNA polymerases 
(RNAPs) and interacting proteins. The interaction between the helicase UvrD and RNAP from 
E. coli was revealed by 10 cross-linked peptides. Seven cross-links, combined with other 
evidence about the interaction of the orthologuous B. subtilis helicase PcrA to RNAP indicates 
a binding site for UvrD on the upstream face of RNAP. The same binding site is used by Mfd, a 
helicase that dislocates stalled RNAP from the template upon transcription-coupled repair. This 
may imply similar roles of UvrD and Mfd during transcription. UvrD/PcrA may dislodge 
RNAP from the template to enable DNA replication upon collision with a replication fork. 
Three other RNAP-UvrD cross-links suggest an alternative binding interaction on the 
downstream face. One cross-link between B. subtilis RNAP and HelD was also detected on the 
downstream site of RNAP. Helicases at the downstream face may either remove DNA binding 
proteins that otherwise might prevent RNAP elongation, or dislocate RNAP upon transcript 
termination or upon replication-transcription collisions. We also identified a cross-link between 
RPOE, also called δ subunit of RNAP, and the β' clamp region of RNAP, suggesting how δ can 
compete with the binding of DNA. This work has demonstrated the use of our CXMS approach 
to obtain novel information about the bacterial transcription process.  

*This work was done in collaborations with Prof. Evgeny Nudler, Medical center, NewYork University, (E. coli-UvrD) and Dr. 
Peter Lewis, Newcastle University, (B. subtilis-PcrA). 
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Introduction 

Knowledge about the architecture of protein complexes is essential to understand their 
functions at the molecular level. X-ray crystallography has been accounted for a long time as 
the main approach for providing detailed structures of biological samples. Often structures can 
be resolved by x-ray crystallography at high resolution. However, the conditions for protein 
crystallization, particularly for large complexes, are unpredictable. In general, only stable and 
rigid complexes can be crystalized. This leaves the information about the interactions of protein 
subunits in many multi-protein complexes mysterious. 

 As seen throughout this thesis, chemical cross-linking coupled with mass spectrometry 
(CXMS) of peptides has been progressively employed in protein structure studies. It was 
originally introduced by Rappsilber et al. in 2000 [1]. This simple but elegant approach 
combined the advantages of two techniques i.e. protein conjugation and mass spectrometry 
(MS) to identify the position of linked amino acids in the protein, while the maximal distance of 
linked residues is determined by the length of the spacer of the bifunctional reagent. However, 
harvesting the rich structural information of a cross-linked protein complex is analytically 
challenging. Over the past few years, numerous efforts have been made to isolate cross-linked 
peptides prior to MS analysis. We have developed, as presented in Chapter 4, a new analysis 
strategy aimed to enrich cross-linked peptides and enhance CXMS. We successfully identified 
linkages in large biological assemblies in a complex protein mixture, extracted from isolated 
HeLa cell nuclei. In this chapter, we extend the use of our CXMS strategy to identify novel 
interactions in isolated and reconstituted protein complexes. 

 Bacterial RNA polymerases (RNAP) are large, dynamic and highly conserved 
complexes. The core RNAP composed of 5 subunits (α2ββ’ω) has a molecular weight of ~400 
KDa. In transcription, RNAP is responsible for the synthesis of RNA chains, e.g., tRNA, 
mRNA and rRNA, using a complementary DNA as a template. Transcription is highly 
regulated and three main phases can be distinguished, i.e., initiation, elongation and 
termination. Briefly, to initiate the transcriptional process, core RNAP requires an additional 
subunit, σ factor, to form a holoenzyme for recognizing a specific DNA region located on the 
upstream of transcription start site, known as a promoter. After binding to the promoter, the 
RNAP holoenzyme initiates the melting of dsDNA surrounding the transcriptional start site and 
unwinding of downstream dsDNA. Transcription elongation occurs after the synthesis of a 
short RNA chain (~ 13 nucleotides) and the abortion of the σ subunit thus results in an 
elongation complex (EC). During transcription elongation, EC works in concert with 
transcription factors and additional proteins. For instance, the elongation factor NusA is needed 
for stable formation of ECs [2], while helicases are required for removal of protein roadblocks. 
Finally, the termination of RNA transcription can be caused either by intrinsic (RNA “hairpin” 
formation) or extrinsic termination (Rho dependent), resulted in the dislodging of RNAP from 
the template.  

Although transcription has been studied extensively, a complete set of proteins and their 
functions involved in formation of a full length transcript remains unclear. Several attempts 
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have been made to characterize the interactions between RNAP and those transcriptional-
related proteins. Recently, several partners of B. subtilis RNAP under various growth 
conditions were identified by tandem affinity purification (TAP) and sequential peptide affinity 
(SPA) purification [3]. In this study, various types of σ factors were found associated with 
tagged RNAP at different conditions. For instances, a high abundance of RNAP-σA and RNAP-
σB was observed during the stationary phase and in the exponential/transition phase, 
respectively. Among many others proteins, also the helicases PcrA and HelD co-isolated with 
RNAP when either the β or β’ subunit was provided with the TAP tag or SPA tag. Similarly, in 
E. coli, more than hundred transcription factors and related proteins were found to interact with 
RNAP during transcription [4]. Despite a large number of proposed interactions, much less is 
known about the sites of interactions, required for detailed insight into the mechanisms of 
action at the molecular level of proteins associated with RNAP. Since E. coli RNAP has been 
refractory towards crystallization for a long time, detailed models were mainly based on crystal 
structures of the homologuous enzymes from the Thermus genus. [5]. However, recently, a 
crystal structure of the E. coli RNAP holoenzyme (α2ββ’ωσ) was published (PDB: 4IGC, 
hereafter called Eco4IGC) (Fig. 1).  

 In this chapter, CXMS was applied to investigate the interaction of RNAP and two 
helicases. To this end, CXMS was conducted in two reconstituted RNAP-helicase complexes, 
namely the E. coli RNAP-UvrD complex and the B. subtilis RNAP-PcrA complex. The B. 
subtilus RNAP used for these experiments also contains, as an unintentional contaminant, 
another helicase, HelD, that has remained tightly bound to the RNAP during purification. 
Helicases are motor proteins that are capable of unwinding duplex nucleic strands as well as 
moving along either duplex or single-stranded nucleic strands using energy obtained from ATP 
hydrolysis. These proteins are involved in processes requiring bare single-stranded nucleic 
strands, like replication and transcription. Classification of helicase proteins into superfamilies 
are basically based on conserved motifs of primary structures. UvrD and its orthologue PcrA, as 
well as HelD, are members of helicase superfamily 1A. UvrD and PcrA are the best-studied 
helicases in Gram-negative and Gram-positive bacteria respectively [6]. These motor 
machineries are multi-functional proteins. They perform single stranded DNA translocase and 
double stranded DNA helicase (unwinding) activities in the 3’5’ direction. In B. subtilis, 
PcrA is an essential helicase required for rolling circle replication/cell growth whereas lack of 
UvrD in E. coli did not affect cell viability. Interestingly, although lack of rep does not affect 
cell viability, E. coli rep and uvrD double mutant is lethal. UvrD and PcrA share a large range 
of conserved sequences (~ 40 % identity) and may also perform similar functions as the 
expression of PcrA in an E. coli rep and uvrD double mutant could restore the viability of the 
cell. Previous studies have shown that UvrD is directly involved in repair of ultraviolet (UV)-
induced DNA damage, methyl-directed mismatch repair, replication and recombination [7] 
including a displacement of DNA protein roadblocks [8, 9].  

 Although a comprehensive analysis of the interaction between RNAP and helicase has 
never been performed, ample evidence for a binary interaction has been put forward over the 
past few years. The E. coli RNAP-UvrD interaction was initially identified via yeast-based 
tandem affinity purification procedure [10]. A congruent result was obtained by Hu et al. using 
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systematic large-scale tandem-affinity purification [11]. In this approach, UvrD was identified 
in a protein complex isolated using the RNAP β subunit as the TAP-tag containing protein. 
Direct binding of the UvrD-orthologue PcrA to RNAP β was discovered by a genome-wide 
yeast two-hybrid screen using bait proteins involved in replication, among which PcrA [12]. 
PcrA and HelD were also detected in the protein complex obtained by tandem affinity 
purifications using TAP-tagged RNAP β and β’ subunits [3]. Recently, the interaction of B. 
subtilis RNAP and PcrA was studied in more detail using a combination of techniques, 
including the yeast two-hybrid system, Far-Western blotting and single particle analysis using 
negative staining transmission electron microscopy. It was found that the N-terminal region of 
the β subunit interacts with the C-terminal domain (also called 2A domain) of PcrA, β(1-400)- 
PcrA(577-739) and the C-terminal region of β’ subunit interacts with an internal segment (called 
1B domain) of PcrA, β'(1-102)-PcrA(85-189). However, no unambiguous detailed picture of the 
PcrA-RNAP interaction could be obtained based on these results, due to the low resolution of 
the single particle analysis [13]. In our study, more detailed insights of RNAP-helicase 
interactions were obtained using CXMS. 

 

Fig. 1 Three-dimensional crystal structure of the E. coli RNAP (PDB: 4IGC) without the σ70 subunit. Panel A 
shows the subunits of RNAP in pink (β), yellow (β’) and red (ω) from different views. β' bridge helix located in 
between β and β’ subunit. β’ jaw and β lobe 1 are indicated in the dashed oval. Panel B shows green (αI), white 
(αII). The dashed oval shows αI CTD. This is the first time that αI CTD is included in the intact RNAP.  

Results and Discussion 

MS cross-link analysis of the E. coli core RNAP 

We first mapped cross-links in the core RNAP with the approach developed in Chapter 4 and 
schematically depicted in Fig. 2. Briefly, RNA polymerase was cross-linked with 
bis(succinimidyl)-3-azidomethyl glutarate (BAMG) at a low protein concentration to prevent 
aspecific cross-linking between different protein molecules during random collisions [14]. To 
identify juxtaposed, cross-linked lysines, the BAMG-treated protein complex is subjected to 
trypsin digestion. Cross-linked peptides are identified by one of the three analytical strategies 
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described in the previous chapter, namely the total cross-linked peptide database approach. In 
this strategy, enrichment of cross-linked peptides is performed through diagonal strong cation 
exchange chromatography (2SCX) in three steps. First, the peptide mixture is fractionated using 
SCX (primary SCX, Fig. 2, panel A (a)). Each collected fraction is treated with the reducing 
agent TCEP, aimed to reduce the azido group (-N3) on the spacer of BAMG to a primary amine 
group (-NH2). This conversion changes the chromatographic behavior of cross-linked peptides 
enabling enrichment by SCX chromatography (secondary SCX) using identical condition as 
performed in the primary run (Fig. 2, panel A (b)). Finally, the isolated peptides are subjected 
to LC-FTMS1MS2 analysis. Cross-linked peptides are identified with peptide fragment 
fingerprinting using a database of all possible cross-linked peptides calculated by the xComb 
program [15] (lower part of Fig. 2).  For determination of the false discovery rate (FDR), the 
protein database used for the xComb program contained both forward and reversed sequences. 
Candidate cross-linked species of which one or both of the composing peptides had a reversed 
sequence were considered as false positives.  

In the E. coli apoenzyme a total of 291 cross-linked spectral matches were identified, 
resulting in 92 intraprotein and 32 interprotein cross-linked peptides at a FDR of 0.7% 
(Supplementary Table 1). We next determined the distances between de Cα atoms of linked 
amino acid residues based on the recent crystal structure of the E. coli holoenzyme (PDB file 
4IGC, further called Eco4IGC) [5]. It is important to note that no large differences were 
observed between the apoenzyme and the holoenzyme crystal structures from the Thermus 
RNAP. In Fig. 3 the distribution of cross-linked peptides from the apoenzyme is depicted as a 
function of the measured distances between Cα atoms of linked residues, as far as present in 
Eco4IGC. A significant difference between the distance distribution of our cross-linked 
peptides and a random selection of theoretical possible cross-linked peptides was demonstrated 
by a P-value of 2.46 x 10-7 Most of the cross-links spanned distances between Cα of the linked 
residues less than 28.7 Å. This is considered the maximal distance for structural agreement with 
Eco4IGC, assuming a spacer length of 7.7 Å, a lysine side chain length of 6.5 Å, and a 
coordinate error of 4 Å. However, no less than 21 cross-links spanned distances exceeding 28.7 
Å (Table 1). These cross-linked peptides were basically grouped into four regions, i.e., β191-
331, β844-909, β’9-96 and β’1170-1340. The detection of cross-links spanning large distances 
in certain discrete domains suggest local conformational flexibility, a well-known property of 
bacterial RNA polymerases [16]. However, apparent movements over more than 50 Å (Table 1) 
are unexpected and require further investigation. 
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Fig. 2 Overview of the procedure and chemicals used for the enrichment of cross-linked peptides. To map 
interaction sites between different proteins in a complex, by identifying juxtaposed, reactive lysines, the protein 
complex is cross-linked with bis(succinimidyl)-3-azidomethyl glutarate (BAMG) and then subjected to trypsin 
digestion. Cross-linked peptides were identified by one of the three analytical strategies described in the previous 
chapter, namely the total cross-linked peptide database approach. Enrichment of cross-linked peptides is performed 
through diagonal strong cation exchange chromatography approach (2SCX) in three steps. First, the peptide 
mixtures are fractionated using SCX (primary SCX). Each collected fraction is treated with the reducing agent 
TCEP, aimed to reduce the azido group (-N3) on the spacer of BAMG to a primary amine group (NH2). This 
conversion changes the chromatographic behavior of cross-linked peptides enabling enrichment by SCX 
chromatography (secondary SCX) using identical condition as performed in the primary run. This is schematically 
shown for one primary fraction, depicted as a grey bar in the primary chromatogram a). In the secondary run 
(chromatogram b) the reduced cross-linked peptides elute in a broad peak marked # at a later retention time. 
Finally, the isolated peptides are subjected to LC-FTMS/MS analysis. Cross-linked peptides are identified with 
peptide fragment fingerprinting using a database of all possible cross-linked peptides calculated by the xComb 
program. A, Workflow of the cross-linked peptide isolation approach. a) primary SCX chromatogram, b) 
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secondary SCX chromatogram. B, Structure of the an azide-containing cross-linker, bis(succinimidyl)-3-
azidomethyl glutarate (BAMG). C, Structure of BAMG-cross-linked peptide. D, Structure of reduced BAMG-
cross-linked peptide. 

 

Fig. 3 Distribution of cross-linked peptides identified in E. coli RNAP and E. coli RNAP-UvrD complexes as a 
function of the distance between the Cα atoms of linked residues (PDB: 4IGC, [5]). White bars, all theoretical 
possible linkages of Lys-Lys expressed as percentage of the total number. Black bars, number of identified cross-
linked peptides in E. coli RNAP. Grey bars, number of identified cross-linked peptides in E. coli RNAP in 
complex with UvrD. 35 and 32 cross-links from RNAP and RNAP-UvrD, respectively, are not represented in this 
histogram, since the linked residues are in disordered areas not included in 4IGC.   

 

Table 1 List of cross-linked peptides which span distances larger than 28.5 Å between Cα of linked residues both 
in E. coli RNAP and E. coli RNAP-UvrD complex. Boldface, cross-linked residues. 

Peptide A 

  

Peptide B 

  

Linked 
residue  

peptide 
A 

Linked 
residue  

peptide 
B 

RNAP 

  

RNAP- 

UvrD 

distance 
(Å)  

(PDB: 
4IGC) 

GSWLDFEFDPKDNLFVR ETKGK βK191 β'K1170  - 28.64 

DTKLGPEEITADIPNVGEAALSK AITGSNKRPLK βK844 β'K321  - 32.32 

TFKPER NEKR β'K50 β'K296  - 32.43 

VYVEKGR ETKGK βK265 β'K1170  - 34.00 

AVKER KPETINYR βK476 β'K40  - 42.28 

GETQLTPEEKLLR KPETINYR βK900 β'K40  - 42.30 

FLKAQTK TFKPER β'K9 β'K50  - 44.89 

SKGESSLFSR AVAVDSGVTAVAKR βK639 βK719  - 45.38 
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KDFGK VKLR βK13 βK99  - 58.19 

EAPEGTVKDIK TFKPER βK115 β'K50  - 59.48 

KLPATIILR ELEANGKVGATYSR βK203 β'K1297  - 60.12 

SKGESSLFSR IVKVYLAVK βK639 βK1051  - 61.42 

VKLR DNKLQMELVPER βK99 βK236  - 78.71 

VYVEKGR KPETINYR βK265 β'K40  - 91.22 

LSQSGHKR DTKLGPEEITADIPNVGEAALSK βK331 βK844  - 97.96 

GETQLTPEEKLLR TFKPER βK900 β'K50   29.27 

FLKAQTK CGVEVTQTKVR β'K9 β'K96   29.85 

MQGSVTEFLKPR IKVQR αM10 αK145   30.30 

AIFGEKASDVK TFKPER βK909 β'K50   30.76 

KLPATIILR AVKER βK203 βK476   35.61 

GETQLTPEEKLLR FLKAQTK βK900 β'K9   45.76 

KGLADTALK VLTEAAVAGKR β'K781 β'K1340   50.54 

TFKPER ELEANGKVGATYSR β'K50 β'K1297   72.98 

MYKNIVDGNHQMEPGMPESFNVLLK FLKAQTK βK1306 β'K9 -  32.54 

FLKAQTK QMQVGGKDPLVPEENDK β'K9 ωK35 -  36.34 

FLKAQTK QMQVGGKDPLVPEENDKTTVIALR β'K9 ωK35 -  36.34 

GVICEKCGVEVTQTK NEKR β'K87 β'K296 -  37.01 

VYVEKGR GVICEKCGVEVTQTK βK265 β'K87 -  110.07 

VYVEKGR DYECLCGKYK βK265 β'K74 -  113.30 

 

Preparation and characterization of RNAP-helicase complexes  

To map the cross-links and to use the information to determine how the helicases are spatially 
arranged with respect to the other subunits in the core RNAP, B. subtilis RNAP-PcrA and E. 
coli RNAP-UvrD complexes were prepared. Both helicases were added to each RNAP in 1:1 
molar ratio. The mixtures were incubated at RT for 30 minutes. The complexes were then 
subjected to the cross-linking reaction (see Materials and Methods). The formation of cross-
links between subunits in the B. subtilis RNAP-PcrA and E. coli RNAP-UvrD complex were 
investigated using SDS-PAGE (data not shown). The cross-linked complexes were then 
subjected to tryptic digestions. Cross-linked peptides were isolated using 2SCX, and MS 
analysis was conducted as described in the previous section.  
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Table 2 List of cross-linked peptides involved in RNAP-UvrD interaction shown with number of ions 
selection for MS/MS. Boldface, cross-linked residues. 

Peptide A Peptide B 

Linked 
residue 

peptide A 

Linked residue 

peptide B 

Number of 
ions 
selected 

DTKLGPEEITADIPNVGEAALSK GEKGQTR βK844 UvrDK501 9 

GETQLTPEEKLLR AMNLDEKQWPPR βK900 UvrDK135 2 

GETQLTPEEKLLR GEKGQTR βK900 UvrDK501 2 

AIFGEKASDVK LLKR βK909 UvrDK124 1 

AIFGEKASDVK AMNLDEKQWPPR βK909 UvrDK135 5 

AIFGEKASDVK GEKGQTR βK909 UvrDK501 4 

KPETINYR ELLQEKALAGR β'K40 UvrDK448 1 

EELNETNSETKR AMNLDEKQWPPR β'K213 UvrDK135 2 

KGLADTALK LLAGDTGKVMIVGDDDQSIYGWR β'K781 UvrDK242 1 

GLADTALKTANSGYLTR LLAGDTGKVMIVGDDDQSIYGWR β'K789 UvrDK242 21 

 

 

 

Fig. 4 Four residues (shown in blue) involved in 7 linkages of E. coli RNAP-UvrD complex on the upstream face 
of E. coli RNAP. 

 Besides the core subunits α, β, β’ and ω, the B. subtilis RNAP preparation used for the 
reconstitution with PcrA contained also the proteins RPOD (σ), RPOE (δ) and HelD, all three 
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known to interact with the apoenzyme. We identified 130 mass spectral matches resulting in 34 
intraprotein and 19 interprotein cross-linked peptides (Supplementary Table 2). The CXMS was 
performed at a FDR of 0 %. The distance distribution of cross-linked peptides identified in this 
study was significantly different from a random selection of all theoretical possible cross-links 
at P-value of 7.9x10-7. Unfortunately, no linkages between RNAP and PcrA were identified. 
Surprisingly, a cross-link between a lysine residue in the region close to DNA entry channel, 
β’K1011 and K97 in HelD was detected. Additionally, we also identified a cross-link between 
δK48 and β’K208 and between σK107 and -β’K153.  

For the E. coli RNAP-UvrD complex, we identified 486 mass spectral matches resulting 
in 90 intraprotein and 56 interprotein cross-linked peptides (Supplementary Table 3). CXMS 
was performed at a FDR of 0.4%. The distance distribution of cross-linked peptides identified 
in this study (Fig. 3) was significantly different from the distribution of all theoretically 
possible cross-links at P-value of 2.17 x 10-7. Out of 146 linkages, 14 cross-linked peptides 
span distances larger than 28.7 Å (Table 1). Interestingly 10 linkages of RNAP-UvrD 
complexes were identified (Table 2). Out of those, 7 linkages were located on the upstream face 
of RNAP. The residues on RNAP involved in these linkages are shown in Fig. 4. Another 
linkage showed the interaction of the β' jaw to UvrD, namely the cross-link between β'K213 and 
UvrDK135 (Table 2). Intriguingly, two linkages showed an interaction of the β' bridge helix and 
UvrD, β'K781-UvrDK242 and β'K789-UvrDK242. 

Location of HelD on B. subtilis RNAP and its possible function in transcription 

HelD, also known as helicase IV, is a member of the helicase superfamily 1A, sharing seven 
conserved motifs with PcrA and UvrD. HelD catalyzes the unwinding of dsDNA in 3’5’ 
direction using energy obtained from ATP hydrolysis. In a recent work, HelD was co-purified 
with RNAP by the TAP technique using tagged β and β’ subunits [3]. In E. coli, the functions 
of UvrD and helicase IV, an orthologue of B. subtilus HelD are overlapping [17]. Recently, 
HelD was shown to enhance the removal of RNAP from the template through its ATP-
dependent activity, and a synergistic effect was observed with the δ subunit [18] (discussed 
below in more detail). In our study, the interaction between HelD and RNAP was confirmed by 
CXMS. Unfortunately, the orientation of HelD in complex with RNAP was ambiguous since 
only one linkage was identified, allowing rotation of HelD with respect to RNAP around the 
cross-link. Nevertheless the cross-link implies binding of HelD to the downstream face of 
RNAP. The strong binding of HelD to RNAP suggests that is remains permanently bound to 
RNAP in vivo. Besides removal of RNAP upon transcription termination, the position of HelD 
at the downstream face is ideal for removal of DNA binding proteins that might otherwise 
obstruct transcription by the elongating RNAP. 

Location of the δ subunit on B. subtilis RNAP and its possible function in transcription  

The Gram-positive specific δ subunit is a small protein (21.4 kDa) encoded by the rpoE gene. It 
possesses a highly negatively charged unstructured C-terminal domain. RPOE binds to RNAP 
competitively with nucleic acids [19]. In transcription, the δ subunit enhances the specific 
binding of RNAP to promoters as well as promotes the RNAP recycling process through an 
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RNA displacement activity [20]. Although it is a non-essential protein under normal conditions, 
the δ subunit is a crucial factor responsible for rapid gene expression regulated by [iNTP]-
sensitive promoters [21]. Despite extensive functional studies, the interaction between the δ 
subunit and RNAP remains mysterious. In our study, a cross-link between δK48 and β’K208 was 
identified. As shown in Fig. 5, the β’K208 residue lies inside the DNA entry channel relatively 
close to the dsDNA. This suggests that the δ subunit can bind in the DNA entry channel, 
thereby preventing association of RNAP with downstream DNA. In a recent work, the δ subunit 
together with HelD was observed to synergistically promote RNAP removal from the template 
and RNAP recycling in transcription, thereby increasing RNA synthesis [18]. Additionally, the 
polyanionic C-terminal region of δ was observed to displace RNA bound to RNAP by 
mimicking ssRNA [19]. This activity could randomly occur both to the DNA and RNA strand. 
However, efficient displacement of the bound RNA requires both N- and C-terminal regions. 
Therefore it was proposed that the N-terminal region may bind to the surface of RNAP to 
orientate the C-terminal domain [19]. The interaction of the δ subunit and core RNAP identified 
in this study, combined with functional evidence suggest that the N-terminal region of the δ 
subunit interacts with the β’ jaw lobe to direct the C-terminal domain to interact with RNAP 
(Fig. 5). 

 

 

Fig. 5 Proposed orientation of the δ subunit in the RNAP-δ subunit complex. Panel A shows the interaction of δ 
and RNAP, observed on the upstream face of RNAP. Panel B shows that the N-terminus of δ lies in the active 
region of RNAP. Red and blue spheres are δK48 and β’K208 respectively. As a point of reference, an arrow locates 
β’ bridge helix. 

Locations of UvrD on E. coli RNAP and possible roles in transcription 

The linkage sites between RNAP and UvrD were revealed by 10 cross-linked peptides, of 
which 7 linkage sites were positioned to the upstream side of RNAP. Out of these 7 linkages, 
three cross-linked peptides involved βK900 and UvrD i.e. UvrDK124, UvrDK135 and UvrDK501. In a 
coherent manner, βK909 was detected to interact with UvrDK135 and UvrDK501. In addition, β'K40 
and βK844 were shown to interact with UvrDK448 and UvrDK501, respectively. The program 
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PyMOL [22] was applied to obtain a picture of the UvrD-RNAP interaction based on these 
cross-links. As models for the structures of RNAP and UvrD we used pdb files 4IGC and 2IS1 
respectively. Docking of the two proteins was achieved manually. Since E. coli UvrD and B. 
subtilis PcrA are orthologues, we also took into account the β(1-400)-PcrA(577-739), β'(1-102)-PcrA(85-

310) and β'(228-310)-PcrA(85-310) interactions identified by Far-western blotting [13]. In line with 
these interactions, single particle analysis showed PcrA on the upstream side of RNAP [13]. 
Fig. 6 shows a model in which the 7 E. coli RNAP-UvrD cross-links and the B. subtilis RNAP-
PcrA interaction data are integrated. In the model, RNAP and UvrD were considered as rigid 
bodies. The best result was obtained by placing the C-terminal domain of UvrD, as far as 
present in 2IS1 (the last 67 amino acids in the C–terminus are absent in the structure) in direct 
contact with the region β(50-127), to account for the β(1-400)-PcrA(577-739) interaction. The distances 
between Cα of linked residues measured from the manual-docking complex are shown in Table 
3. Notably, only the distance between β'K40 and UvrDK448 exceeded 28.7 Å. In addition, β'K40 

was also involved in several linkages spanning large distances. This suggests that β'K40 is 
located on a flexible (mobile) domain.   

The β(50-127) region is also the binding site of Mfd [23], a member of helicase 
superfamily 2. Mfd plays an important role in transcription-coupled repair where it removes a 
stalled RNAP caused by a DNA lesion in the ssDNA template. By binding to the β subunit on 
the upstream face of a stalled RNAP, Mfd translocates a ssDNA template in the direction 
3’5’ to push a stalled RNAP forward. This results in a dislodging of a stalled RNAP from the 
damaged DNA. 

 

Fig. 6 Location of UvrD on the upstream face of RNAP. The interaction of UvrD to RNAP is shown based on the 
crystal structure of UvrD (PDB: 2IS1) and E. coli RNAP (PDB: 4IGC). Panel A shows an overview of UvrD-
RNAP complex. UvrD binds to RNAP on the upstream face. RNAP β(1-450) is shown in pale green, surface 
representation. RNAP β’(1-102) and RNAP β’(228-310) are shown in pink, surface representation. UvrD(571-720) is shown 
in orange, ribbon representation. UvrD(85-189) is shown in yellow, ribbon representation. Panel B shows the 
enlarged view of the rectangular area in Panel A.  
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Table 3 List of cross-linked peptides involved in RNAP-UvrD interaction shown with distances 
between Cα of linked residues measured from the manual-docking complex. Boldface, cross-linked 
residues. 

Peptide A Peptide B 

Linked 
residue 

peptide A 

Linked residue 

peptide B 

Distance 
(Å) 

DTKLGPEEITADIPNVGEAALSK GEKGQTR βK844 UvrDK501 25.3 

GETQLTPEEKLLR AMNLDEKQWPPR βK900 UvrDK135 28.3 

GETQLTPEEKLLR GEKGQTR βK900 UvrDK501 28.5 

AIFGEKASDVK LLKR βK909 UvrDK124 27.9 

AIFGEKASDVK AMNLDEKQWPPR βK909 UvrDK135 28.5 

AIFGEKASDVK GEKGQTR βK909 UvrDK501 18.5 

KPETINYR ELLQEKALAGR β'K40 UvrDK448 49.5 

 

 It is conceivable that UvrD has the same role as Mdf in transcription-coupled repair 
under other circumstances when an elongating RNAP complex encounters situations causing 
transcriptional arrest, e.g., replication-transcription collisions. Both head on and colinear 
collision with a replication fork occur, since replication is about one order of magnitude faster 
than transcription [24]. Blockages formed by transcription-replication collisions markedly 
affect the viability of the cell since DNA replication and RNA synthesis fail to complete, thus 
ultimately cause cell death. To overcome this, additional transcription factors (TFs) are 
required. It has been shown that UvrD place a role in the continuation of replication upon 
replication-transcription collisions [28]. Fig. 7 shows the structure of UvrD and depicts the 
different functional domains that be designated. Although under debate, the 2B subdomain is 
thought to be involved in the helicase activity. However, in the model depicted in Fig. 6 the 
close contact the 2B subdomain to RNAP may obstruct the helicase activity. This would imply 
that UvrD in this configuration cannot be active as a helicase and cannot interact with duplex 
DNA in the RNAP-UvrD complex. A reorientation is required to be able to function as a 
helicase so that the UvrD active cleft is exposed to the DNA exit channel close to ssDNA 
template. Under these conditions UvrD may bind to the ssDNA template and perform its 
ssDNA translocase activity (3’5’ direction) using energy derived from ATP hydrolysis to 
mechanically remove a stalled RNAP from DNA strand (Fig. 8). A permanent association of 
UvrD to RNAP has the advantage that transcriptional road blocks for DNA replication can be 
rapidly dismantled. However, the mechanism by which the required translocase activity of 
UvrD is activated under these conditions to remove the stalled RNAP is not understood. 
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Fig. 7 Structure of UvrD in complex with DNA (PDB: 2IS1). Subdomain 1A, 1B, 2A and 2B are shown in orange, 
blue, light blue and yellow respectively. Asterisk indicates the truncated C-terminal domain. dsDNA is shown in 
white. In short, a cycle of helicase/translocase activity of UvrD starts with its interaction with single strand DNA. 
This induces conformational changes in domains 1B and 2B to form interfaces for duplex DNA binding.  In ATP 
binding state, the cleft formed in between domains 1A and 2B is in the close formation, close to nucleotide. Also 
as a consequence of the cleft closure, domains 1B and 2B move closure to duplex DNA thus causing DNA duplex 
onto negatively charged surface and destabilize the duplex formation of DNA. Furthermore, the cleft closure also 
causes the flipping of bases in the cleft region (in between domain 1A and 2A). This results in a movement of 
helicase along single strand DNA. This figure is adapted from [25]. 

 Of the 10 linkages identified, three cross-linked peptides were incompatible with the 
model depicted in Fig. 6. These three cross-links suggest an alternative binding to RNAP. Two 
cross-links indicate interactions between the β’ bridge helix and UvrD, namely the β’K781-
UvrDK242 and β’K789-UvrDK242 linkages. Although MS analysis in this study is not a quantitative 
analysis, the large number of ions selected compared with other linkages, suggests a high rate 
of the cross-linking reaction between β'K789 and UvrDK242. The MS/MS spectrum leaves no 
doubt about its identification (Fig. 9). The third linkage (β'K213-UvrDK135) indicates binding of 
UvrD to the tip of the β' jaw region (Fig. 10). Interestingly, this linkage site is at least 82 Å 
away from the interactions of UvrDK135 at the upstream face of RNAP. So, it is unlikely that 
UvrD can be cross-linked to β900 and β909 and, in the same position, also to β'213.This 
suggests multiple interactions of UvrD molecules with RNAP, either simultaneously or 
separately. The β’ bridge helix composed of amino acids 770-805 is an integral component of 
the catalytic center. It spans the active site and is involved in the nucleotide addition cycle [26, 
27]. During the cycle its conformation switches from kinked to straight. The linkages identified 
in this study suggest that UvrD may interact with the β' bridge helix and the β' jaw while 
binding to dsDNA using its 2B domain, on the downstream face of RNAP. However, it is 
questionable whether UvrD can be in close contact with the bridge helix under turnover 
conditions, given the crucial role of this structure in catalysis, with K781 absolutely conserved. 
Therefore, cross-links with residues K781 and K789 may only be formed under non-turnover 
conditions. In a recent study, UvrD either in concert with DinG or Rep can remove stalled 
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RNAP occurred in head-on replication-transcription collisions [28]. It was proposed that UvrD 
migrates in the 3’-5’ direction on the leading strand template, heading toward the downstream 
face of transcription unit [28]. Although considerably less is known about how UvrD removes 
the stalled RNAP, this model supports the interaction and orientation of UvrD on the 
downstream face of RNAP revealed in our study. A role for UvrD as discussed above for HelD 
in the removal of DNA binding protein in front of an elongating RNAP is also possible.  

 Interestingly, the UvrDK448-UvrDK448 cross-link in our dataset (Supplementary Table 3) 
indicates that two molecules of UvrD can be in close vicinity. Dimerization of UvrD provides 
an explanation for the two binding sites on RNAP, with one monomer binding to the upstream 
face and the other interacting at the downstream face of RNAP.  

 

 

Fig. 8 Putative roles of UvrD in transcription based on the previously published information integrated with 
CXMS data presented in this study. In transcription, elongating RNAP complex may encounter events causing it to 
be stalled on DNA, thus also blocking other processes e.g. DNA replication. In this case, UvrD may be required 
for removing the stalled RNAP complex. It is proposed that the DNA-binding domain (2B subdomain) of UvrD 
tightly interacts with the upstream face of RNAP and leaves the catalytic center exposed to the DNA exit channel 
near the ssDNA. UvrD may bind to the ssDNA template and subsequently perform its 3’-5’ ssDNA translocase 
activity thus generating force to push the stalled RNAP complex from the DNA. The blue arrow indicates the 
direction of ssDNA template moved by UvrD. Black dashed arrows indicate the force generated by UvrD 3’-5’ 
translocase activity towards the stalled RNAP complex.  
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Fig. 9 The identification of the linkage between RNAP β’K789 (GLADTALKTANSGYLTR) and UvrDK242 
(LLAGDTGKVMIVGDDDQSIYGWR). The theoretical mass of this cross-linked peptide matches with the relative 
mass of m/z 1097.0761 (4+) precursor ion, at the mass different of 16 ppm. Panel A shows the MS/MS spectrum 
of the m/z 1097.0761 (4+) precursor ion and identified fragment ions. Different font colors are used for MS/MS 
product ions resulting from primary fragmentations (black) and secondary fragmentations of a cleaved off 
unmodified peptides (blue) and peptide with a remnant of BAMG (red). See Chapter 4 for the role of the amino 
group in the spacer for the gas phase cleavage behavior in collision induced dissociation of cross-linked peptides. 
Panel B shows the mapped fragments and structure of the cross-linked peptide. This cross-linked peptide was 
identified by 29 different precursor ions. 
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Fig. 10 Putative roles of UvrD in transcription based on the previously published information integrated with 
CXMS data presented in this study. In transcription, elongating RNAP complex may encounter head-on 
replication-transcription collision resulted in stalled RNAP complex. To allow a completion of replication, the 
stalled RNAP complex needs to be removed. In this study, the interaction of RNAP-UvrD on the downstream side 
of transcription was illustrated by linkages of UvrD with β’ bridges helix and β’ jaw region. This orientation 
supports the model that UvrD translocates on the leading strand of the replication fork (in 3’5’ direction) 
towards the transcription unit and works in concert with DinG or Rep to remove stalled RNAP [28]. Oval yellow 
shows the β’ bridge helix. 

Conclusion 

In this study, our CXMS approach presented in Chapter 4 was applied to characterize the 
interaction of RNAPs and helicases. The cross-linking experiments were conducted in two 
separated biological systems i.e. E. coli RNAP-UvrD and B. subtilis RNA-PcrA. Although the 
mapping of the interaction site(s) of PcrA with RNAP was not successful in this study, a cross-
link between HelD and RNAP and a cross-link between the δ subunit and RNAP were 
identified. Unfortunately, with only one cross-link and no additional structural data about the 
interaction, the orientations of HelD and the δ subunit on RNAP are uncertain. However, this 
study provides the interaction information which is compatible with evidence from functional 
studies. Intriguingly, UvrD was shown to directly interact with RNAP at two regions i.e. on the 
upstream and the downstream face of RNAP. These interactions imply novel biological 
functions of UvrD in the transcription process. The UvrD interaction on the upstream face of 
RNAP is compatible with that of PcrA. In both orientations UvrD may be involved in removing 
stalled RNAP from DNA. This study has emphasized the usefulness of CXMS for studying 
unresolved biological questions. Although the CXMS is a powerful approach for structural 
analysis, additional information from other techniques, e.g., single particle analysis, x-ray 
crystallography, yeast two hybrid system, and functional studies are needed for understanding 
the functional significance of  the interactions between helicases and RNAP. 

Acknowledgement 

We thank Katelyn McGarry and Behrad Ghavim for their contributions in the protein cross-
linking analysis of E.coli RNAP-UvrD. 



Chapter 5 

110 
 

Materials and Methods 

Software 

Codes for the software tool Yeun Yan were written in Visual Basic language for Applications. The software tool 
was operated on a Microsoft Visual Basic platform. 

Proteins and preparation of RNAP-helicase complex  

E. coli RNAP and UvrD E. coli were kindly made available by Prof. Evgeny Nudler, Medical center, NewYork 
University. B. subtilis RNAP and PcrA B. subtilis were kindly made available by Dr.Peter Lewis, Newcastle 
University. Helicases were added to RNAP in 1:1 molar ratio in 50 mM HEPES 150 mM Nacl 10% Glycerol 
buffer, pH 7.4. The mixtures were incubated at RT for 30 minutes before the start of the cross-linking reaction.  

 

Cross-linking and digestion 

The protein concentration of all samples was 0.2 mg/ml, in a buffer of pH 7.4 containing 50 mM HEPES,150 mM 
Nacl and 10% lycerol. 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 overnight at 37°C. 
Peptides 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, 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, primary 
run. 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 the 
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 after the end of the elution time of the primary 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 and Data processing 
 
LC-FTMS/MS 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 
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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 n L/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). All Raw LC-FTMS1MS2 data were processed with the MASCOT 
DISTILLER program, version 2.4.3.3 (64bits), MDRO 2.4.3.1 (MATRIX science, London, UK), including the 
Search toolbox and the Quantification toolbox. Peak-picking for both MS1 and MS1MS2 spectra were optimized 
for the 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).  
 
 
Peptide identification 
 
Databases of all possible cross-linked peptides for interrogation using standard search engines were calculated by 
xComb version 1.2 [15]. For E. coli RNAP and E. coli RNAP-UvrD complex, the forward and reversed sequences 
of target proteins were uploaded in UniProt FASTA format. For B. subtilis RNAP-PcrA, only the forward 
sequences of target proteins were used. 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 four amino acids with at least one trypsin missed cleavage for amine cross-linking. The 
cross-link databases were uploaded in Mascot version 2.2. The following parameters were used to identify 
candidate cross-links based on the processed data files from LC-FTMS/MS experiments: (i) a “do_not_cleave” 
enzyme with the nonexisting amino acid “J” as the cleavage site; (ii) no missed cleavages; (iii) a fixed 
modification in the form of carbamidomethyl at C; (iv) a variable modification at K with a group of composition 
C6H9NO3. For nomination by Mascot of cross-linked peptide candidates from E. coli RNAP (i), E. coli RNAP-
UvrD (ii) and B. subtilis-PcrA complex (iii), 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), 30 ppm and 0.01 Da resp. for candidates (ii), and 10 ppm and 0.01 Da resp. for candidates 
(iii). No threshold for the Mascot ions score was taken into account for the nomination of candidates i-iii.  

Validation 

The Yeun Yan software tool is used for validation of cross-links proposed by xComb approach. 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 

YYscore = yA×yB×(fass/ftot)2 

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. 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. An intraprotein candidate for a precursor ion nominated by Yeun Yan is assigned 
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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. For a precursor ion of which no intraprotein cross-link was assigned according to the previous 
criterion, an interprotein cross-link candidate is assigned if it fulfills all of the following criteria (i) the YY score is 
higher than the YY score of possible other candidates for that precursor; in case two or more candidates have equal 
highest scores no assignments will be put forward, (ii) the MS2 spectrum contains at least 1 unambiguously 
matching y ions for each composing peptide and (iii), for E. coli RNAP, the YY score > 0,  E. coli RNAP-UvrD 
complex, the YY score > 0, B. subtilis RNAP-PcrA, the YY score is at least 4. 
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General Discussion 

 

 

 

 

 

 
Abstract 

Chemical cross-linking combined with mass spectrometry (CXMS) is a powerful approach 
providing detailed insights into structural flexibility and interaction of proteins/complexes 
which often escape detection by high-resolution techniques. In this thesis, the development of 
enrichment approaches aimed to exploit the full potential of CXMS has been addressed.  
Despite the success of the devised methods to CXMS, further improvements in separative 
capacity of approaches are expected. Conjoint efforts towards the improvement in software 
tools and analysis strategies will enhance CXMS. The CXMS-applications proposed in this 
chapter can be used to obtain novel information aiding understanding processes in the cell at the 
molecular level. 
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Introduction 

In this thesis, the development and application of approaches aimed to selectively isolate azide-
containing cross-linked peptides have been described. The enrichment of azide-containing 
cross-linked peptides via a cycloaddition reaction using an azide reactive cyclooctyne (ARCO) 
resin has allowed the conformation and architecture of a macromolecule as complex as a 
bacterial RNA polymerase to be successfully illustrated (described in Chapter 2). This has 
demonstrated the value of peptide enrichment for the benefit of CXMS. A completely different 
approach using diagonal strong cation exchange chromatography for enrichment of azide 
containing cross-linked peptides has been described in Chapter 4. This novel enrichment 
approach combined with new bioinformatics strategies to enhance CXMS has enabled the 
mapping of protein-protein interaction sites from a complex biological system i.e. a HeLa 
nuclear extract. This is the first time that protein-protein interactions have been identified by 
CXMS using a database generated from the whole human proteome. Furthermore, in Chapter 5, 
we have extended the use of our CXMS strategies to shed light on an unresolved biological 
question, i.e., identification of the interaction sites between bacterial RNA polymerases and 
helicases. In this chapter, further improvements of the enrichment approaches, strategies and 
future applications are discussed. 

Optimization of conditions used for azide reduction will improve the 
enrichment of azide-containing cross-linked peptides 

In Chapter 2, it has been noticed that after enrichment by the ARCO-resin, azide-containing 
cross-linked peptides tend to aggregate which was attributed to the hydrophobic nature of the 
benzyl -group containing cyclooctyne moiety. Moreover, reaction of the ARCO resin with 
azides is relatively slow. This led to the development of a resin conjugated with a 
monofluorinated cyclooctyne (MFCO). Compared to ARCO, MFCO is more soluble since it 
lacks the benzyl group. In addition, an electron-withdrawing fluorine substituent allows the 
reaction to occur at a faster rate. However, in Chapter 3, it has been shown that the coupling of 
azide-containing peptides to the MFCO-resin yielded unknown compounds generated from side 
reactions. Furthermore, gas phase loss of HF has been observed both prior to and during peptide 
fragmentation by CID, thereby hindering CXMS. For these reasons, MFCO is not suitable for 
enrichment of azide-containing peptides under the used experimental conditions.  

 A novel approach for the enrichment of azide containing cross-linked peptides relying 
on charge-charge interaction has been described in Chapter 4. In this approach, an azido group 
tagged on the spacer of a cross-linker is converted to a primary amine group by TCEP-induced 
reduction (TCIR) [1]. Under acidic condition, the reduced-form of azide-containing cross-
linked peptides accommodates an additional positive charge derived from a protonated amine 
yielded from TCIR. By virtue of diagonal strong cation exchange chromatography, the reduced 
peptides could be selectively separated from unmodified species. An additional advantage of 
the conversion of the relatively apolar azido group to an amine group is an increased solubility 
in aqueous solutions, facilitating handling of peptides. Aside from the reduction of the azido 
group, TCEP also induces a competing cleavage reaction of one of the two amide bonds 



 

117 
 

connecting formed in the cross-linking reaction between two amino acid residues. A 
mechanism for the reduction and cleavage reaction has been proposed by Back et al [2]. In our 
study (Chapter 4) the ratio of reduced/cleavage products based on the UV absorption of early 
and late shifted material in 2SCX was approximately 1:1. Consistent results have been reported 
for the BAMG-cross- linked model peptide neurotensin by Kasper et al [1]. For the Reang 
approach (Chapter 4) and the total cross-linked database approach (chapter 5) a high 
reduced/cleavage product ratio would be beneficial.  

 Among conventional reducing agents, dithiothreitol (DTT) would be one of the most 
promising candidates to increase the reduction/cleavage ratio. DTT is commonly used to reduce 
disulfides bond in proteins and has also been studied for the reduction of an azido group to the 
corresponding amine group [2]. In addition to the latter reaction, DTT has been shown to 
induce a reduction of azido groups on the non-natural amino acid azidohomoalanine (azhal) in 
peptides in competition with the cleavage of peptides at azhal. Interestingly, a ratio of 
reduced/cleavage product after completion of the reaction (as evidenced by the disappearance 
of starting compounds) was about 2.5:1 [2]. This relatively high ratio would improve both the 
enrichment of azide-containing cross-linked peptides and the subsequent mass spectrometric 
analysis. However, the used reaction conditions [2] required a long incubation time (~16 hr.), 
while DTT is susceptible to air oxidation, implying the necessity for optimization of the 
experimental conditions for reduction of BAMG-cross-linked peptides. 

 An alternative reducing agent that could improve the ratio of reduced/cleavage product 
is 2- mercaptoethanol (2ME). Similar to DTT, 2ME has also been observed to induce the 
reduction of azido groups in peptidyl azhal competition with the cleavage of peptides at azhal 
[2]. In this work, after 48 hr. about 15% of starting material was converted. Intriguingly, only 
1% of the converted material was identified as a cleavage product. This high ratio of 
reduced/cleavage product would significantly enhance the enrichment of the azide-containing 
cross-linked peptides. However, the reaction rate of the conversion of azides by 2ME is very 
low. Therefore, an optimization of the condition used for reduction of azides by 2ME is 
indispensable. One possibility is to increase the concentration of 2ME as this will result in a 
higher reaction rate [3].  

Combination of peptide fragmentation techniques will improve the 
identification of azide-containing cross-linked peptides  

Although CXMS has made great progress in the last decade, the identification of cross-linked 
peptides remains a critical challenge. This may be caused by the large number of theoretical 
possible cross-link candidates and the lack of full understanding mass spectra of cross-linked 
peptides. 

 The identification of linear and cross-linked peptides in MS analysis usually shares a 
common scheme of work. The first step is the proteolysis of proteins via a protease (e.g. 
trypsin, chymotrypsin, Glu C, Lys C etc.) to generate smaller peptides followed by a separation 
through liquid chromatographic (LC) techniques (e.g. reversed phase-LC, ion exchange 
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chromatography-LC) prior to MS analysis. Ionization using ESI yields primarily 2+ and 3+ ions 
for linear peptides and up to 6+ for cross-linked peptides) enabling sequence-informative 
fragmentation of peptides by low-energy collision induced dissociation (CID). The collision of 
peptide ions with neutral gases results in a vibrational excitation that induces cleavage of an 
amide bond of the peptide backbone between the carbonyl and the amine group. As a result, b- 
and y-fragment ions are formed, representing N-terminal and C-terminal fragment ions, 
respectively. The reliability of peptide identification is tightly connected to the number of the 
fragment ions from the peptide backbone. However, peptides that are highly suitable for 
conventional CID are relatively small(~ 6-20 amino residues) and have a charge ≤ 3+) [4, 5] 
corresponding to the general characteristic of linear peptides. In contrast to the regular species, 
cross-linked peptides are larger (primarily, 10-35 amino residues) and more highly charged in 
ESI (predominantly 3+ ≤ z ≤ 5+) [6]. It is known that CID produces a lower sequence coverage 
when the peptide becomes larger and more highly charged [7]. We have observed that 
sometimes no fragments at all from one of the two peptides are detected, preventing 
unambiguous identification. In the data set in Chapter 4 and 5, we found that nearly 20% of the 
selected precursor ions were both larger than 3,000 Da and highly charged peptides (≥ 4+). Of 
this 20%, only a quarter could be identified as cross-linked peptides. Although not all these 
precursor ions may correspond to cross-linked peptides, an improvement of peptide 
identification is expected to be obtained by the use of complementary approaches effectively 
generating informative fragment ions from large and highly charged peptides. 

 One of the promising candidates is electron transfer dissociation (ETD) [8]. It is an 
adapted version of electron-capture dissociation (ECD) ([9]. In the ETD process, positively 
charged peptide ions are converted into radical cations via electron transfer reaction, mostly 
through anthracene radical anions. Cleavage of the bond between the amine and the α-carbon in 
the peptide backbone occurs as a consequence of the instability of the radical cation. The 
fragment ions generated from the C-terminal and N-terminal part of peptides are termed c- and 
z-fragment ions respectively. ETD is rather suitable for larger peptides (> 16 amino residues) 
and higher charged peptide ions (z ≥ 3+) compared to CID [4, 5]. In addition, it has been shown 
that the fragmentation coverage of cross-linked peptides produced by ECD was significantly 
improved for higher charge states [10]. As the characteristics for peptide identification by CID 
and ETD techniques are complementary, the combination of these techniques is a promising 
approach for comprehensive analysis of CXMS [11]. 

 Another promising candidate used to improve fragmentation of cross-linked peptides is 
infrared multiple photon dissociation (IRMPD) [10]. In this technique, peptide precursors are 
bombarded with infrared photons. Peptide ions subsequently absorb and accumulate internal 
energy until the energy of activation is achieved, leading to peptide bond dissociation. This 
primarily resulted in b- and y- type product ions. Similar to ETD/ECD, IRMPD leads to 
improved fragmentation coverage for large and highly charged peptide ions [10]. Therefore, the 
combination of CID and IRMPD would enhance the efficacy of cross-linked peptide 
identification. 
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Software toolkits for CXMS 

One of the most important requirements enabling a successful CXMS, particularly of large 
complex systems, is a software suite aiding data analysis. In Chapter 4, software tools have 
been developed to support our CXMS strategies and validation of cross-linked peptides, i.e., 
Biner, Reang and Yeun Yan. Here, some features that may improve CXMS strategies are 
discussed.  

Further filtering of fragment ions may enhance the nomination of peptides by the Reang 
approach 

As outlined in Chapter 4, briefly, 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 mass relationships (equation 1, 2 and 
3) shown in Chapter 4. Each entry in the MS1MS2 data file identified in this search is then 
replaced by new entries in pkl file format. The original precursor ion m/z value is replaced by 
the m/z values of the candidate composing peptide ions, and the list of fragment ions is sorted 
to contain only species not exceeding the mass of the new precursor ion. The new pkl files are 
input for Mascot to nominate candidate peptides for A, Am, B and Bm by interrogating a protein 
database. This approach implies that the pkl file entries for peptide A and Am still contain 
fragment ions belonging to peptide B and Bm and vice versa. The questions arises how efficient 
both peptides A and B or their lactam modifications can be identified and to which extent the 
“contaminating” fragments from the other composing peptide prevent identification by Mascot. 
An answer to the first question is provided by the result mentioned in Chapter 4 that 17 cross-
linked peptides from the T complex were identified with the Reang approach, while the total 
cross-linked peptide database approach yielded 25 cross-links. Inspection of the Yean Yan 
output of the 8 cross-links not identified in the Reang approach suggests that in four cases both 
composing peptides built up from at least 6 amino acids yielded enough fragments for 
assignment by Mascot. Possibly one or both peptides escape nomination by Mascot due to the 
presence of fragment ions from the other peptide. In cases in which only one composing 
peptide is nominated by Mascot it would be worthwhile to remove the fragment ions belonging 
to the nominated composing peptide and its lactam-modified from the pkl file entry of the other 
candidate composing peptide, followed by a Mascot search with the thus filtered pkl file entry 
(Fig. 1).  

Reorganization of codes may improve the speed of data analysis 

Software tools used for our CXMS strategies have been written as prototypes and operated on a 
Microsoft Visual Basic platform. For the validation of cross-linked candidates nominated by the 
Reang approach from HeLa nuclear extract sample (Chapter 4), the rate of validation by Yeun 
Yan was about 10 candidates/ min, performed on Windows 7, Version 2009, service pack 2, 
Intel(R) Core(TM)2 Duo CPU P8600 @ 2.4GHz and 4 GB DDR2 memory. In this study, > 
100,000 candidates needed to be validated by Yeun Yan, thus requiring > 166 hr. runtime to 
complete the calculation. In addition, several codes should be reorganized or rewritten for more 



General Discussion 

120 
 

efficient calculation. Although the speed of validation is not definitely a prerequisite for 
CXMS, faster software would be more preferable. Other computer languages e.g. C, C++ or 
Perl would be optional as they consume less memory thus performing at higher speed. 

 

 

Fig. 1 An additional strategy to enhance the Reang approach. Briefly, the Reang approach identifies pairs of gas-
phase cleavage products of each parent ion (P) using equations shown in the black line box. Potential cleavage 
products are subsequently used to generate a new pkl file for database searching. For instance, a pair of potential 
cleavage products identified by Reang is composed of MA and MBm. The new pkl file contains a new set of 
MS1MS2 spectra which each MS1MS2 spectrum comprises 1) a potential cleavage product as a new precursor ion 
(MA) and 2) fragment ions derived from a parent ion (P, i.e., a type 2 cross-linked peptide candidate) of the new 
precursor ion (MA). The fragment ions exceeding the mass of the new precursor (MA) ion are removed. The new 
precursor ion (MA) with the sorted fragment ions is then submitted to a search engine for screening the sequence 
database. Fragment ions assigned for (MA) by the search engine are removed from of the MS1MS2 pkl file entry of 
MBm.  
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Future plans 

A success in mapping protein-protein interaction sites of both complex mixtures (Chapter 4) 
and isolated complexes (Chapter 5) has opened opportunities for obtaining further information 
to understand the molecular basis of biological processes. Here we suggest possible 
applications using our CXMS strategy as a core approach to extricate cellular protein 
interaction networks.  

Mapping of protein-protein interaction sites in complexes/large scale 

Formation of large complexes is a basis of several biological processes. Of each interaction 
involved in such complicated formation, the characterization is indispensible for understanding 
their molecular functions in the cell. Despite several methodological approaches [12] for 
mapping protein-protein interaction (PPI) developed during the past years, two techniques are 
the most pervasive for large scale analysis [13]. The yeast two-hybrid (Y2H) system is a 
genomic-based approach primarily used to map binary interactions. Another approach used to 
identify proteins involved in the complex is affinity purification coupled with mass 
spectrometry (AP/MS). Although these two or even perhaps all large-scale mapping 
approaches, thus far, can identify proteins involved in the interactions/complexes, none of these 
approaches provide mapping of protein-protein interaction sites at the resolution that can be 
obtained by CXMS. Moreover, due to the high false positive/negative rate and often 
irreproducibility of the results, the efficiency and reliability of PPI identified by Y2H are 
currently critically questioned [12]. In addition, AP/MS cannot distinguish between direct and 
indirect interaction of proteins in the complex [14]. Therefore, considerable care has to be taken 
to interpret AP/MS derived data.  

 As demonstrated in Chapter 4 and 5, CXMS could provide mapping of protein-protein 
interaction sites either in a small system as isolated complexes or large-scale on a  
(sub)/proteomic level. Furthermore, CXMS is capable of distinguishing type of interactions 
(direct/indirect interaction) as well as can also illustrate the dynamic flexibility of complexes 
under physiological condition. Moreover, since our cross-linker, BAMG is a cell membrane 
permeable reagent, capturing of the PPI network in living cell (in vivo CXMS) is possible. The 
use of CXMS developed in this thesis will, therefore, certainly provide additional/novel 
information for PPI networks (Fig. 2). 
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Fig. 2 Characterization of protein-protein interaction (PPI). CXMS can be applied to study PPI in various sources 
of samples e.g. isolated complexes, whole cell extracted. In addition, the use of cross-linkers that permeate through 
a cell membrane, in vivo mapping of PPI networks can be achieved.  

Quantitative CXMS analysis  

The region of interaction 

Protein-protein interaction surfaces can indirectly be located by the absence/presence of 
modified/linked residues using quantitative CXMS analysis. To this end, 14N-labeled subunit 
(14P) and 15N-labeled intact complex (15C) are separately cross-linked with BAMG. Similar to 
conventional quantitative proteomic approaches, the resulting cross-linked 14P and 15C are 
mixed in 1:1 molar ratio. The mixture is digested and further analyzed using CXMS approach. 
Comparison of mass spectral peak intensities from 14P and 15C may reveal mono-linked and 
cross-linked peptides located on the surfaces of interaction. In this sense, modified residues in 
14P must be accessible by cross-linkers (Fig. 3). The absence of these residues in 15C implies 
that they are no longer accessible, thus being buried on the interaction surface (Fig. 3). 

Protein-protein interactions under two different experimental conditions and changes in 
protein-protein interactions in time 

15N/14N CXMS analysis can also be applied to study protein-protein interactions occurring in 
the cell under two different conditions e.g. changes in protein-protein interaction profile under 
stress condition. For instance, 14N treated with stress of interest and 15N reference preparation 
are separately cross-linked with BAMG. After cell extractions, 15N and 14N cross-linked 
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material is mixed in equimolar amount followed by XL identification and relative 
quantification of all identified cross-linked peptides based on their 15N/14N ratios. This provides 
information to reveal the dynamics of protein-protein interactions. In addition, the changes in 
protein-protein interaction profile (from isolated proteins/complex system) can be followed in 
time by using the 15N-labelled system as a reference. Alternatively, one can use a 13C (+15N)-
labeled cross-linker for the reference and 12C (+14N) for the experimental system. 
 

 

 

Fig. 3 Identification of interaction surface using quantitative CXMS analysis. Comparison of cross-links identified 
in free subunit and its complex form may reveal the interaction surface. For instance, Panel A, five cross-linked 
peptides are visible in free form of subunit. Panel B, the absence of cross-links ID 2, 3, 4 (shown in red) after 
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forming complex with its counterpart (shown in blue) can be quantitated by 15N/14N-labeling technique. Inset 
shows the example of expected mass spectral peak intensities 15N/14N ratio from 15C and 14P. 

Conclusion 

In this thesis we have explored two strategies to isolate cross-linked peptides from complex 
peptide mixtures obtained by digestion of (mixtures of) BAMG-treated protein complexes: 
capturing to ARCO beads (Chapter 2 and 3) and diagonal chromatography (Chapter 4 and 5). 
The latter method turned out to be superior over the first for two mean reasons. The first reason 
is the tendency of the cross-linked peptides released from the ARCO beads to aggregate in 
aqueous media, in contrast to cross-linked peptides isolated by diagonal chromatography. This 
problem could not be met by using a less hydrophobic and more reactive monofluorinated 
cycloctyne, since side reactions and HF loss in the gas phase severely hampered mass 
spectrometric analysis of cross-linked peptides (Chapter 3). The second reason is a bonus that 
the diagonal chromatography approach kept in store, namely the gas phase cleavability of the 
cross-link amide bonds upon reduction of the azido group to an amine group. This property 
enabled determination of the masses of the two composing peptides of BAMG-cross-linked 
species. Knowledge of the masses of composing peptides tremendously facilitates CXMS from 
large sequence databases, as shown in Chapter 4. Further improvement of the method is 
expected by the use of a reducing agent predominantly converting azide-containing cross-linked 
peptides to the corresponding amine group. 

 The use of CID-complementary approaches effectively generating informative fragment 
ions from large and highly charged peptides e.g. ETD, IRMPD is expected to improve the 
peptide fragmentation of cross-linked peptides that lack the sequence information of one of the 
two composing peptides. Furthermore, an additional strategy to further filter fragment ions is 
expected to aid the nomination by the Reang approach of peptides containing only a few 
fragment ions of low signal intensity. Finally, the identification and validation of cross-linked 
peptide candidates can be less time consuming by reorganization of the codes or operating on 
more suitable platforms.   

 Methodology coupled with strategies presented in this thesis makes possible to obtain 
insight into conformational changes of proteins and also enable mapping of protein-protein 
interaction sites either in particular complexes or on a large scale. The acquired data will aid 
understanding molecular functions as well as the network of communications of proteins in the 
cell. 
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Summary 

Most proteins in the cell carry out their functions as subunits of larger assemblies. Knowledge 
about the folding and mutual interactions of composing subunits is a requirement to 
comprehend the dynamics and structure of such protein complexes and the molecular 
mechanisms underlying biological processes. Large complexes are often not amenable to 
techniques used to obtain detailed protein structural information like x-ray crystallography and 
nuclear magnetic resonance spectroscopy. The resolution of another technique, cryo-electron 
microscopy, is often not high enough to obtain detailed information about the spatial 
arrangements of subunits in protein complexes. In this thesis chemical protein cross-linking 
coupled with mass spectrometric analysis of proteolytically obtained peptides (CXMS) has 
been utilized as a core approach to obtain structural information of proteins. With CXMS the 
identity of cross-linked amino acids and their position in the protein amino acid sequence is 
determined, yielding spatial distance restraints, since the linked residues cannot be father away 
in a cross-linked protein complex than the length of the spacer of the used bifunctional reagent. 
With this information a topological map of subunit arrangements can be obtained. Although 
CXMS has been applied for more than a decade, the rareness and low abundance of cross-
linked peptides in digests forms a main analytical challenge, since this circumstance hampers 
mass spectrometric analysis. Therefore, in this thesis methodologies aimed at enrichment of 
cross-linked peptides have been developed and applied.  

 In Chapter 2, a solid phase approach, using an azide-reactive cyclooctyne (ARCO)-
conjugated resin for selective isolation of azide-containing peptides, described by Nessen et al. 
has been applied to study the dynamics and binary interactions of each subunit in a large 
biological assembly. By using bis(succinimidyl) 3-azidomethyl glutarate (BAMG) as a cross-
linker, several cross-links in the 350 kDa RNA polymerase from Bacillus subtilis were 
identified. However, the use of the ARCO-resin has shown some shortcomings that need to be 
overcome. The major problem is that the captured peptides after release from the beads are very 
hydrophobic which is possibly related to the presence of a benzyl moiety in the used 
cyclooctyne. This has two problematic consequences. First, the enriched peptides have a high 
tendency to aggregate. However, this problem can be relieved by dissolving the enriched 
material shortly before LC-MS1MS2 analysis, after being dried in a vacuum centrifuge from a 
solution containing TFA. Second, the peptides are eluted in a small time window in the 
reversed phase liquid chromatography step before MS1MS2 analysis. This low efficiency of the 
LC fractionation hampers MS analysis. Furthermore, the coupling reaction of the BAMG-cross-
linked peptides to the cyclooctyne requires long incubation times (24 h) at elevated 
temperatures (40 °C). These disadvantages of the ARCO-resin led to the development of an 
alternative solid phase extraction method which has less effect on the hydrophobicity of 
peptides and gives faster coupling of target peptides. In Chapter 3 the conjugation of 
monofluoro-cyclooctyne (MFCO) as a reactive group to poly-dimethylacryamide beads is 
described and the efficiency for the isolation and identification of azide-containing cross-linked 
peptides of the MFCO-beads was tested. After capturing of model peptides and release from the 
beads, the expected products corresponded to the main peaks in mass spectra. However, several 
peaks resulting from unknown side reactions were also observed. Moreover, loss of HF 
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occurred upon 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, forces 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.  

In Chapter 4, a novel approach is described for the enrichment of azide containing cross-linked 
peptides out of a large pool of unmodified peptides using a form of 2-D strong cation exchange 
chromatography (2SCX), called diagonal SCX chromatography. In this approach, the azide 
group in BAMG-cross-liked peptides is converted to a primary amine group by TCEP-induced 
reduction (TCIR) in fractions obtained after the first SCX run. Under acidic condition, the 
reduced form of azide-containing cross-linked peptides accommodates an additional positive 
charge derived from a protonated amine yielded from TCIR. In the second run of diagonal 
strong cation exchange chromatography, the reduced peptides could be selectively separated 
from the bulk of unmodified species present in that fraction. An additional advantage of the 
conversion of the relatively apolar azide group to an amine group is an increased solubility in 
aqueous solutions, facilitating handling of peptides. Interestingly, gas-phase cleavages at the 
amide bonds between cross-linker and composing peptides followed by secondary 
fragmentation of the products were observed during peptide fragmentation using collision-
induced dissociation. This provides information about both mass and amino acid sequence of 
the composing peptides in cross-links, enabling identification of protein-protein interactions in 
complex samples. The power of this approach was demonstrated using a HeLa cell nuclear 
extract, in which we identified protein-protein interactions not observed before.  

In Chapter 5, the 2SCX technique developed in Chapter 4 has been applied to study the 
interaction sites between bacterial RNA polymerases (RNAPs) and interacting proteins i.e. the 
E. coli RNAP-UvrD complex and the B. subtilis RNA polymerase-PcrA complex. The 
interaction between the helicase UvrD and RNAP from E. coli was revealed by ten cross-linked 
peptides. Seven cross-links, combined with other evidences about the interaction of the 
orthologous B. subtilis helicase PcrA to RNAP indicates a binding site for UvrD on the 
upstream face of RNAP. The same binding site is used by Mfd, a helicase that dislocates stalled 
RNAP from the template upon transcription-coupled repair. This may imply similar roles of 
UvrD and Mfd during transcription. UvrD/PcrA may dislodge RNAP from the template to 
enable DNA replication upon collision with a replication fork. Three other RNAP-UvrD cross-
links suggest an alternative binding interaction on the downstream face. One cross-link between 
B. subtilis RNAP and HelD was also detected on the downstream site of RNAP. Helicases at 
the downstream face may either remove DNA binding proteins that otherwise might prevent 
RNAP elongation, or dislocate RNAP upon transcript termination or upon replication-
transcription collisions. A cross-link between RPOE, also called δ subunit of RNAP, and the β' 
clamp region of RNAP, could also be identified suggesting how δ can compete with the binding 
of DNA. This work has demonstrated the use of our CXMS approach to obtain novel 
information about the bacterial transcription process. 
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Finally, additional strategies and optimizations to further improve the CXMS approaches 
demonstrated in the thesis are discussed in Chapter 6. We mention also the possibility to study 
conformational changes of proteins. Our technology likewise offers the possibility of in vivo 
cross-linking followed by mapping of protein-protein interaction sites either in particular 
complexes or on a large scale. The acquired data will contribute to our knowledge about the 
structure of the network of communications of proteins in the cell and will aid to understand 
biological functions at the molecular level. 

  



131 
 

Samenvatting 

De meeste eiwitten in de cel oefenen hun functie uit als subeenheden van grotere complexen. 
Kennis over de vouwing en onderlinge interacties van samenstellende subeenheden is vereist 
voor begrip van de structuur en dynamiek van zulke eiwitcomplexen en van de moleculaire 
mechanismen die ten grondslag liggen aan het verloop van biologische processen. Grote 
complexen zijn vaak niet toegankelijk voor technieken die gebruikt worden om gedetailleerde 
structuurinformatie te verkrijgen, zoals röntgendiffractie van eiwit(complex)kristallen en 
kernspinresonantie spectroscopie. Het oplossend vermogen van een andere techniek, cryo-
electronenmicroscopie is vaak niet hoog genoeg voor het verkrijgen van gedetailleerde 
informatie over de ruimtelijke rangschikking van subeenheden in eiwitcomplexen. In dit 
proefschrift wordt chemische cross-linking van eiwitten gebruikt, gekoppeld aan 
massaspectrometrische analyse van proteolytische peptiden (CXMS), teneinde 
structuurinformatie te verkrijgen. Met CXMS wordt de identiteit van gecross-linkte aminozuren 
en hun positie in de aminozuurvolgorde van de betreffende eiwitten vastgesteld, hetgeen 
informatie over de ruimtelijke structuur geeft, aangezien de gekoppelde aminozuren in het 
gecrosslinkte eiwit zich niet verder van elkaar kunnen bevinden dan de lengte van de spacer van 
het gebruikte bifunctionele reagens. Met deze informatie kan een topologische kaart worden 
verkregen omtrent de rangschikking van subeenheden in een complex. Hoewel CXMS al langer 
dan tien jaar wordt toegepast vormt de zeldzaamheid en de geringe hoeveelheid gecross-linkte 
peptiden in een digest een belangrijke analytische uitdaging, omdat door deze omstandigheid de 
massaspectrometrische analyse ervan wordt belemmerd. Vandaar dat in dit proeschrift 
methoden zijn ontwikkeld en toegepast gericht op de verrijking van gecrosslinkte peptiden. 

In hoofdstuk 2 wordt gebruik gemaakt van een benadering waarbij een azide-reactief 
cyclooctyn (ARCO) geconjugeerd aan een vaste drager wordt gebruikt voor de selectieve 
isolering van azide-bevattende peptiden, beschreven door Nessen et al., voor een studie naar de 
dynamiek en binaire interacties van alle subeenheden in een groot biologisch complex. 
Verscheidene cross-links in het 350 kDa RNA polymerase uit Bacillus subtilis werden 
geïdentificeerd met bis(succinimidyl) 3-azidomethyl glutaraat (BAMG) als cross-linker. Echter, 
de gebruikte ARCO-hars heeft bepaalde tekortkomingen die moeten worden overwonnen. Een 
belangrijk probleem is dat de gebonden peptiden na het vrijmaken van de harskorrels erg 
hydrofoob zijn, hetgeen mogelijk gerelateerd is aan de aanwezigheid van een benzylgroep in 
het gebruikte cycloctyn. Dit heeft twee problematische gevolgen. Ten eerste hebben de 
peptiden een sterke neiging tot aggregeren. Dit probleem kon echter worden verlicht door het 
verrijkte materiaal op te lossen vlak voor de LC-MS1MS2 analyse, na gedroogd te zijn in een 
vacuumcentrifuge vanuit een oplossing die TFA bevat. Ten tweede elueren de peptiden in een 
nauw tijdsbestek in de reversed phase LC stap voor de MS1MS2 analyse. Deze geringe 
efficiëntie van de LC fractionering is nadelig voor de MS1MS2 analyse. Verder vereist de 
koppeling van de met BAMG gecrosslinkte peptiden aan de ARCO-hars een lange incubatietijd 
(24 uur) bij een hoge temperatuur (40 °C). Deze nadelen van de ARCO-hars heeft geleid naar 
de ontwikkeling van een alternative vaste fase extractie methode die minder effect heeft op de 
hydrofobiciteit van de peptiden en die een snellere koppeling van de te isoleren peptiden 
oplevert. In hoofdstuk 3 wordt de conjugatie van monofluor-cyclooctyn (MFCO) als reactieve 
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groep aan poly-dimethylamide beads beschreven en wordt de efficiëntie met betrekking tot de 
isolering en identificatie van azide-bevattende gecrosslinkte peptiden getest. Na koppeling van 
modelpeptiden en het vrijmaken van de beads correspondeerden de verwachte producten met de 
hoofdpieken in massaspectra. Echter, ook werden verscheidene pieken waargenomen die het 
resultaat zijn van zijreacties. Bovendien vond er verlies van HF plaats bij electrospray ionisatie 
hetzij voor of na peptide fragmentatie. Dit vormt een probleem bij de identificatie van 
gecrosslinkte peptiden omdat de HF-deficiënte producten vaak niet verder werden 
gefragmenteerd, resulterend in onvoldoende informatie over de aminozuurvolgorde. Door deze 
complicatie, gecombineerd met het optreden van zijreacties, zijn we gedwongen te concluderen 
dat de MFCO hars niet geschikt is voor de verrijking en identificatie van gecross-linkte 
peptiden verkregen uit grote eiwitcomplexen.   

In hoofdstuk 4 wordt een nieuwe methode beschreven voor de verrijking van azide-bevattende 
gecross-linkte peptide uit een grote overmaat ongemodificeerde peptiden. Hierbij wordt gebruik 
gemaakt van een vorm van 2-D strong cation exchange (2SCX) chromatografie, genoemd 
diagonale SCX chromatografie. In deze benadering wordt de azidogroep omgezet in een 
primaire aminogroep in een door tris(carboxyethyl)fosfine (TCEP) geïnduceerde reactie in 
fracties verkregen na de eerste SCX run. Onder de zure condities van de SCX chromatografie 
verkrijgen de gereduceerde gecross-linkte peptiden een extra positieve lading door protonering 
van de aminogroep. In de tweede run van de diagonale SCX chromatografie kunnen de 
gereduceerde peptiden zodoende selectief worden gescheiden van de overmaat 
ongemodificeerde peptide in die fractie. Een bijkomend voordeel van de omzetting van de 
relatief apolaire azidogroep in een aminogroep is een toegenomen oplosbaarheid in waterige 
oplossingen, hetgeen de hanteerbaarheid van de peptiden vergemakkelijkt. Een 
belangwekkende observatie was het optreden in de gasfase van splitsing van de amidegroep 
tussen cross-linker en peptiden, samen met splitsingen van peptidebindingen bij collision-
induced dissociation. Deze combinatie van splitsingen maakte het mogelijk om naast het 
verkrijgen van informatie over de amizozuurvolgorde ook de massa te bepalen van de 
samenstellende peptiden in een cross-link, hetgeen ons in staat stelde om eiwit-eiwit interacties 
te identificeren in complexe monsters. De kracht van deze aanpak werd gedemonstreerd met 
een HeLa cell kernextract, waarin eiwit-eiwit interacties werden geïdentificeerd die niet eerder 
zijn waargenomen.  

In hoofdstuk 5 is de 2SCX techniek, ontwikkeld in hoofdstuk 4, toegepast bij het in kaart 
brengen van de plaatsen van interactie tussen bacteriële RNA polymerases en daaraan bindende 
eiwitten. In het bijzonder werden het Escherichia coli RNAP-UvrD complex en het Bacillus 
subtilis RNAP-PcrA complex bestudeerd. De interactie tussen het helicase UvrD en RNAP 
werd onthuld door identificatie van tien gecrosslinkte peptiden. Zeven crosslinks gecombineerd 
met ander bewijsmateriaal betreffende de interactie van het orthologe B. subtilis PcrA met 
RNAP wijzen op een bindingsplaats aan de bovenstroomse kant van RNAP. Dezelfde 
bindingsplaats wordt gebruikt door Mfd, een helicase dat een in de weg zittend en tot stilstand 
gekomen RNAP van de DNA template verwijdert  bij transcriptie-gekoppelde DNA reparatie. 
Dit zou een vergelijkbare rol van UvrD en PcrA kunnen betekenen. UvrD/PcrA zouden RNAP 
kunnen losmaken van de template teneinde DNA replicatie te kunnen laten doorgaan na een 
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botsing met een replicatievork. Drie andere RNAP-UvrD cross-links suggereren een 
alternatieve binding van UvrD aan de benedenstroomse kant van RNAP. Een cross-link tussen 
B. subtilis RNAP en een ander helicase, HelD, werd ook gedetecteerd aan de benedenstroomse 
kant van RNAP. Helicases aan de benedenstroomse kant zouden DNA bindende eiwitten 
kunnen verwijderen die anders de elongatie van RNAP zouden kunnen belemmeren of RNAP 
kunnen verwijderen bij een replicatie-transcriptie botsing. Een cross-link tussen RPOE, ook 
genoemd de δ subeenheid van RNAP, en het β' clamp gebied van RNAP werd eveneens 
geïdentificeerd, hetgeen suggereert hoe δ kan concurreren met de binding van RNAP aan DNA. 
Dit werk laat zien dat het gebruik van onze CXMS benadering nieuwe informatie geeft over het 
bacteriële transcriptieproces.   

Tenslotte worden in hoofdstuk 6 aanvullende strategiëen en optimilisaties bediscussieerd  ter 
verdere verbetering van de CXMS benaderingen die in dit proefschrift zijn gedemonstreerd. 
Ook wordt ingegaan op de mogelijkheid om conformatieveranderingen in eiwitten te 
bestuderen. De ontwikkelde technologie biedt ook de mogelijkheid in vivo te crosslinken, 
gevolgd door het in kaart brengen van eiwit-eiwit interacties in geïsoleerde complexen of op 
grote schaal. De verkregen data zullen bijdragen aan de kennis van de structuur van het netwerk 
van communicaties tussen eiwitten in de cel en van begrip van biologische processen op 
moleculair niveau. 
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