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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 
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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)      



General introduction 

19 
 

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 
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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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