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To understand the basic principles of life, knowledge of the behavior of 
cells at the molecular level is needed. One key aspect is the dynamics 

of the cellular proteome, the proteins present in the cell at a given moment. 
Cellular proteome dynamics comprises changes in protein synthesis rates, post-
translational modifications and protein-protein interactions on a proteome-
wide scale. Information on these different levels will reveal regulatory circuits 
underlying cellular adaptation and thereby give insight on cellular behavior. 
In this thesis the development of enrichment methods directed towards azide-
containing peptides aimed at mass spectrometric analysis of the different aspects 
of proteome dynamics is described.

Mass spectrometry of peptides and proteins

Mass spectrometry is a very fast and highly sensitive method that since the 
advent of soft ionization techniques such as electrospray ionization (ESI)1 and 
matrix assisted laser desorption ionization (MALDI)2 can be used to study a wide 
range of questions at the protein level. 

A common approach is to subject isolated proteins or proteomes first to 
digestion, generating a mixture of peptides. Subsequent mass spectrometric 
analysis of this peptide mixture in combination with database searching allows 
identification and quantification of the proteins. Many proteomic studies are 
focused on identification and quantification of as many proteins as possible that 
are expressed under specific conditions. However, the enormous complexity 
of peptide mixtures from complete proteomes implies that even with the 
most advanced fractionation methods and mass spectrometric equipment, 
identification and quantification is often based on only a few or even single 
unique peptides. Especially, in studies in which the interest lays in a subset of 
peptides, such as in phosphoproteomics3, 4, this might hamper identification of 
peptides of interest.

Complexity of peptide samples

The complexity of the derived peptide mixtures is given by the number of 
proteins present in the cell at a certain time point, combined with the differential 
modifications of proteins and the dynamic range of expression. For example, 
the genome of the bacterium Escherichia coli comprises around 4200 (potential) 
genes, from which it can be expected that around 2000 proteins are expressed at 
the same time. Taking into account that the average sized protein after tryptic 
digestion yields 30 peptides, mixtures of at least 60,000 peptides are obtained. 
These numbers do not take into account post-translational modifications and the 
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differential level of expression of proteins. When the interest lies in a subset of 
peptides, in a specific modification or in proteins that are low abundant, mass 
spectrometric analysis will not be able to give a complete or even representative 
coverage. Reduction of the complexity is needed to improve the analysis, which 
can be accomplished by two approaches.

Reduction of sample complexity on protein level

First, complexity of the (isolated) protein sample can be reduced before 
generating the peptide mixture. Most commonly, one- or two-dimensional 
gel electrophoresis is used, separating proteins based on molecular mass 
(one dimensional) or combined with net charge in a second dimension (two 
dimensional). From the gel, proteins are digested and the tryptic peptide 
mixtures are analyzed by mass spectrometry. In this way, two-dimensional 
gel electrophoresis yielded identification of more than 1000 proteins from E. 
coli.5 Furthermore, gel electrophoresis can be used to obtain protein expression 
profiles, allowing quantification based on the intensity of the spots on the gel.

However, there are some drawbacks: often proteins are not completely 
resolved, yielding mixtures in which low abundant proteins cannot be detected. 
As well, hydrophobic proteins, or proteins with extreme basicity or acidity are 
underrepresented in the analysis. Furthermore, the method is laborious and time 
consuming. This has lead to the development of automated methods based on 
the separation of peptides, as will be discussed in the next section.

Alternative methods to reduce complexity are based on depletion of high 
abundant proteins or selective isolation of proteins of interest. For the first, 
immuno affinity separation has been shown to selectively remove highly 
abundant proteins from serum, improving the detection of lower abundant 
proteins in human serum.6 Using the affinity for lectin, glycoproteins can be 
selectively isolated and analyzed by mass spectrometry.7

Reduction of sample complexity on peptide level

A second approach to reduce sample complexity is based on the separation after 
tryptic digestion on the peptide level.8 Prior to ESI-MS analysis, peptides are 
separated on a reversed phase column directly coupled to the mass spectrometer. 
To improve separation further, two- or three-dimensional liquid chromatography 
methods have been used prior to mass spectrometric analysis, combining e.g. 
strong cation exchange (SCX) or hydrophilic interaction chromatography 
(HILIC) with reversed phase chromatography.9-11 This has lead to identification 
and quantification of up to hundreds of proteins for E. coli.12
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Additional fractionation of peptides can be accomplished by selective 
separation of peptides of interest. For phosphorylated peptides separation by 
immobilized metal affinity chromatography (IMAC)13 and more recently TiO2

14-

16 has been proven to be very successful, identifying numerous phosphorylated 
peptides.17-19

In order to increase the coverage of proteins identified in proteomic studies, 
methods have been developed to enrich peptides containing rare amino acids. By 
isolation of only a few peptides per protein, complexity of the peptide mixture 
will be reduced enormously. The most common amino acid used for this purpose 
is cysteine, representing around 85% of all proteins in E. coli. Several reagents 
have been developed that are directed towards the thiol-group of the cysteine 
residue.20-22 One example is the isotope coded affinity tag (ICAT), a thiol reactive 
reagent, containing an affinity tag for enrichment by biotin-avidin affinity 
purification and a linker that can be used for incorporation of stable isotopes for 
quantification.20 

Another approach that has been developed by Gevaerts et al. is based on a 
change in chromatographic behavior of peptides upon a selective chemical 
modification of one of the consisting amino acids and is called combined 
fractional diagonal chromatography (COFRADIC).23 Selective modification of 

Figure 1, Approach for selective enrichment of peptides of interest. a, Overview of gene expression in 
schematic drawing of Escherichia coli. Changes in protein composition can be achieved by alterations in protein 
synthesis and degradation rates. Protein synthesis rates can be regulated both by changing mRNA levels via 
transcription (from DNA to mRNA) or mRNA degradation and by altering the efficiency of translation (from 
mRNA to proteins). Mass spectrometric analysis can give information on I) newly synthesized proteins, II) 
protein (complex) structures mediated via chemical cross-linking and III) post-translational modification of 
proteins. The introduction of a bio-orthogonal label, such as the azide, in or to proteins will allow selective 
enrichment (see b) of labeled peptides after protein digestion and enhance mass spectrometric analysis. b, 
Approach for selective enrichment of (azide-) labeled peptides via covalent capturing on a solid phase. After 
coupling to the solid phase, unbound peptides are washed away and captured peptides can be released and 
analyzed by mass spectrometry, yielding less complex samples. *: (enriched) labeled peptide.
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peptides after separation on a reversed phase column, and running the modified 
samples again under the same conditions, allowed enrichment of methionine-
containing peptides23, 24 and N-terminal peptides.25, 26 Methionine is a relatively 
rare amino acid, with an abundance of around 2.5%, but it does represent 99.7% 
of all proteins in E. coli. When N-terminal methionine residues are not taken into 
account, 95.8% of the proteins are represented.23

Other amino acids being used for selective enrichment, either via covalent solid 
phase or affinity purification, include histidine,27 trypthophan28 and tyrosine.29 

These examples of enrichment methods for peptides bearing a specific amino 
acid illustrate the interest in improvement of sample preparation to enhance 
the sensitivity of mass spectrometric analysis. However, with the techniques 
described above only partial elucidation of proteome dynamics can be obtained. 
Studies on (rare) post-translational modifications, newly synthesized proteins or 
the interactions between proteins (in a protein complex) by mass spectrometry, 
give rise to samples in which peptides of interest are represented by the minority 
of a mixture that is in addition very complex.

Enrichment of peptides labeled with a bio-orthogonal label

A way to facilitate the study of proteome dynamics is by the introduction of a bio-
orthogonal label in or to a peptide or protein. This label should allow selective 
sequestration and analysis of the peptides of interest. Further requirements of 
bio-orthogonal labels are: 

i) compatibility with the natural environment of the organism or cell, 
not modifying or be modified by molecules present

ii) the possibility to selectively introduce the label in or to the protein 
(or peptide) of interest, without disturbance of the molecular 
structure

iii) after labeling the introduced moiety should be the handle for a 
selective reaction to enrich the desired peptide(s). 

In Figure 1, the approach for selective enrichment of peptides of interest is given. 
First, a label (in this case an azide) is introduced in or to the protein, either in vivo 
or in vitro, after which digestion by trypsin yields a peptide mixture of which the 
minority of the peptides will contain the label. Selective enrichment via covalent 
capturing on a solid phase will allow isolation of the peptides of interest and 
analysis of the simplified peptide mixture by mass spectrometry.
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Bio-orthogonal reactions directed towards azides

Bio-orthogonal labels that have been used in living systems include ketones, 
alkynes and azides, of which the last is most popular.30-33 The azide is a small 
functional group and inert towards the biological system. It does, however, 
provide a chemical handle that can be used for selective modification. 

The first bio-orthogonal reaction performed in living systems was the reaction 
of the azide with a phosphine, known as the Staudinger ligation34-36 (Figure 
2a). In this way, azide-containing sugars have been selectively modified on cell 
surfaces34 and a purified azide-containing protein was labeled by a fluorophore.37

A second orthogonal reaction of azides is the reaction with alkynes. The 
cycloaddition of the azide with alkynes proved to be very selective, but for a 
good and selective reaction elevated temperatures were needed.38 To increase 
the reaction rate and selectivity, Cu(I) was used as a catalyst for the reaction with 
terminal alkynes (Figure 2b).39, 40 However, because of its toxicity, Cu(I) is not 
suitable to be used for labeling in living systems. 

This has led to the development of a group of alkynes that have improved 
reactivity because of ring-strain (Figure 2c).31, 32, 41 Bertozzi et al. have invested 
in the development of a range of different cyclooctynes that can be used for 
the strain-promoted (3+2) cycloaddition with azides in vivo (Figure 3). The first 
generation of cyclooctynes (1-3) had a much slower reactivity compared to the 
Cu(I) catalyzed cycloaddition.42, 43 Inclusion of one fluorine in the octyne ring 
improved reactivity modestly (4).43 A difluorinated cycloctyne (DIFO, 5) showed 
similar reactivity as the Cu(I) mediated cycloadditions.44 Other cyclooctynes have 
been developed, obtained via a simpler synthetic route (6-7)45 or with improved 
solubility (8).46 Furthermore, a dibenzocyclooctyne (9) has been described 

Figure 2, Overview of bio-orthogonal reactions with azide-containing molecules. a, Staudinger ligation. b, 
Cu(I) catalyzed (3+2) cycloaddition of terminal alkynes with azides. c, Strain-promoted (3+2) cycloaddition of 
cyclooctynes with azides.
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by Boons et al., with a comparable reactivity to DIFO, but synthetically more 
easily accessible.47 In general, this group of molecules gives a fast and specific 
reaction with azides, which is of great importance for selective analysis by mass 
spectrometry. 

Several studies have shown the applicability of azides in biological systems35, 

42-45, 48-53: to visualize glycan trafficking in the cell, azide-reactive fluorophores can 
be used44, 51 and global de novo protein synthesis has been monitored by using 
azide-containing amino acids.50, 54-56 The use of azide-containing glycans,57 lipids30 
or azide-containing reagents directed towards posttranslational modifications in 
combination with a sequestration method for azides will allow the mapping of 
posttranslational modification sites. In the following sections, an overview of the 
use of azides to study proteome dynamics is given, summarizing what has been 
done and discussing what potential this bio-orthogonal label has.
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The application of azides in biological systems for the study of proteome 
dynamics

The use of azide-glycans to study glycosylation of proteins and trafficking in the cell 
membrane
Visualization of glycan trafficking in the cell has been accomplished by azide-
reactive fluorophores. Cells treated with different types of azide-containing 
sugars (example in Figure 4a) incorporate the labeled sugars via the biosynthetic 
machinery.44, 51, 57 After incorporation, the azide moiety is used for selective 
labeling by fluorophores via the Staudinger ligation or via the more successful 
strain-promoted (3+2) cycloaddition. This allowed metabolic labeling of glycans 
in an auxotroph strain of Sacchoramyces cerevisiae,58 visualization of glycan 
trafficking dynamics in Jurkat cells,44 tagging of glycans in living mice59 and the 
imaging of glycans in developing zebrafish.51

To study the glycoproteome, these azide-sugars can also be used for the 
enrichment of glycosylated peptides, allowing identification of post-translational 
modified proteins.60, 61 After incorporation of the sugars, proteins are isolated 
and digested to peptides. A mixture of peptides will be obtained from which 
glycosylated peptides can be isolated by selective capturing via the azide moiety. 
Mass spectrometric analysis of the isolated (and deglycosylated) peptides will 
allow identification of the glycosylation sites and mapping of the glycoproteome. 
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Figure 4, Examples of azide-containing biomolecules used for fluorous labeling or selective enrichment. a, 
Azide-containing sugars: azide-containing analogue of N-acetylglucosamine (10). b, Azide-containing amino 
acids: azidophenylalanine (11) and the methionine analogue azidohomoalanine (azhal, 12). c, Azide-containing 
cross-linkers: BAMG (13).



General Introduction

17

The use of azide-containing amino acids to study protein synthesis in E. coli
The incorporation of non-natural amino acids in proteins is of great use in protein 
engineering and functional studies. Chemical (reactive) groups can be introduced 
site- or residue specifically, giving possibilities for manipulation of protein 
structure and function.49, 62, 63 In addition, it allows tagging and visualization of 
proteins in vivo.30 

Azide-containing amino acids that have been described to be successfully 
incorporated in proteins in E. coli are azidophenylalanine (11)64 and the methionine 
analogue azidohomoalanine (azhal, 12)35 (Figure 4b). A new orthogonal 
aminoacyl-tRNA synthetase/tRNA pair with specificity for azidophenylalanine 
was developed for site specific incorporation of the photocross-linking amino 
acid. Azhal is incorporated into proteins by the cell’s translational machinery 
in methionine auxotroph E. coli cells grown in methionine depleted, azhal rich 
medium.35, 49, 55 

The aminoacyl-tRNA synthetase for methionine (MetRS) tolerates the non-
natural amino acid azhal and readily incorporates it into proteins, with a kcat/
Km that is 390 times lower for azhal35 and to ensure complete labeling of proteins 
absence of methionine is required. Labeling of proteins can be achieved by using 
a methionine auxotroph E. coli strain, unable to generate methionine itself and 
dependent on medium supplements, and methionine depleted growth medium. 

We have shown that for the first 30 minutes after inoculation the growth of 
the methionine auxotroph MTD123 on azhal is similar to growth on methionine, 
with a doubling time of approximately 1 hour.55 Toxic side effects of azhal not 
related to incorporation in proteins were excluded by growth on mixtures of 
azhal and methionine. And even though many proteins retain their function after 
incorporation of azhal, it has an effect on cell functioning and cell growth on 
the longer term. Nevertheless, to study the dynamics of the proteome labeling 
periods of only minutes will be used, a time scale on which cell functioning is 
expected not to be affected yet. 

To follow protein synthesis the methionine-analogue azhal (12), containing 
an azide moiety, has been incorporated into proteins in mammalian (HEK 293) 
cells50, 54 and in methionine auxotroph E. coli cells.55, 56 This allows discrimination 
between newly synthesized proteins, containing azhal, and the proteins already 
present, containing methionine. In addition, it provides a handle for the selective 
enrichment of the newly synthesized proteins or peptides derived from the 
labeled proteins, enhancing mass spectrometric analysis.
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Identification of newly synthesized proteins will allow us to follow changes in 
protein composition upon a switch in environmental conditions of E. coli and by 
pulse-labeling experiments with azhal protein synthesis rates can be determined. 
Furthermore, comparison of protein synthesis rates on a proteome wide scale 
with mRNA levels at the time of the pulse allows to determine whether changes 
of protein synthesis rates are achieved by adjusting mRNA levels (regulation at 
transcription level) or by adjusting the frequency of translation of the mRNA 
(regulation at translation level). Such data will reveal regulatory circuits 
underlying cellular behavior during adaptation. 

Other applications of azide-containing amino acids in biological systems
Other applications of azide-containing amino acids in biological systems include 
the incorporation of azhal in virus particles to construct polyvalent particles 
with the possibility to introduce a wide variety of functional groups.52 And most 
recently, azhal has been used to visualize in situ newly synthesized proteins in 
rat hippocampal neurons,53 by coupling of an alkyne-fluorophore via the copper 
catalyzed cycloaddition. In this study, diffusion of newly synthesized proteins 
in neurons has been studied as well. The newly synthesized azhal-containing 
proteins were first coupled to DIFO (5) linked to a biotin affinity group. Then, 
labeling with streptavidin quantum dot particles allowed visualization of the 
proteins in living neurons.

The use of azide-containing cross-linkers to study protein-protein interactions
A last application of azide-containing molecules to study proteome dynamics 
discussed here is the chemical cross-linking of proteins. Protein cross-linking 
can provide information on spatial distance constraints to reveal protein-protein 
interactions and to enable validation of 3-D structure models. The mapping of 
linked amino acids will be tremendously facilitated by sequestration of the rare 
and low abundant cross-linked peptides in protein digests, using azide-containing 
cross-linkers, such as the recently described bis(succinimidyl)-3-azidomethyl 
glutarate (BAMG (13); figure 4c).65, 66 This amine-reactive bis(succinimidyl) ester 
is used to covalently link primary amines in a protein or protein complex, which 
are found in the lysine residues and the N-terminus. From the linked amines, 
distances can be derived by the length of the spacer of the cross-linker used. 
Hereby models of proteins can be validated and refined and interaction sites of 
protein complexes can be determined.67-70 

However, the combination of the low-abundance of cross-links and the high 
number of possible combinations of linked peptides makes the identification of 
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cross-links very difficult. The enrichment of structure informative cross-links 
will improve the analysis enormously, which in the future will allow analysis of 
protein complexes. 

Outline of the thesis
In this thesis the development and application of enrichment methods directed 
towards azide-containing peptides to aid in mass spectrometric analysis are 
described. In Chapter 2 the development of an enrichment method based on 
covalent capturing on solid phase is described. Chapter 3 shows the development 
of an alternative enrichment method based on affinity purification using fluorous 
solid phase extraction (FSPE). Chapter 4 describes the study on the use of the 
azide reactive cyclooctyne (ARCO)-resin to study different aspects of proteome 
dynamics. In Chapter 5 the use of the ARCO-resin has been optimized to 
study protein structures in combination with chemical cross-linking and mass 
spectrometry. Finally, Chapter 6 discusses the advantages and disadvantages of 
the developed method(s), presents improvements to the method and looks ahead 
to application of the method for further study.
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Chapter 2

Development of a covalent solid phase 
enrichment method to isolate and study 

rare peptides by mass spectrometry

Abstract

To study proteome dynamics by mass spectrometry isolation of peptides of 
interest is necessary. In this chapter the development of a covalent solid phase 

enrichment method to selectively isolate azide-containing peptides is described. 
Different solid supports, cleavable linkers and reactive groups have been used 
to synthesize different types of resin. Peptides containing the unnatural azide-
containing amino acid azidohomoalanine (azhal) derived from different origin 
were used to test the compatibility and applicability of the methods. The method 
should selectively enrich the peptides of interest, yielding a single product which 
can be analyzed by mass spectrometry, which is illustrated by the different 
methods developed in this study. The resin that was found to selectively enrich 
azide-containing peptides and allowed identification of the enriched peptides 
consists of poly-dimethylacrylamide as solid support, a disulphide linker that 
can be cleaved upon reduction and a cyclooctyne as azide-reactive group.
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Introduction

To study proteome dynamics by mass spectrometry isolation of peptides of 
interest is necessary, as has been discussed in Chapter 1. In short; after obtaining 
a protein mixture or protein (complex), proteolytic treatment will deliver a 
complex peptide mixture that is analyzed by mass spectrometry. As only part 
of the peptide mixture contains the relevant information, a method has to be 
developed to enrich the peptides of interest. In Chapter 1 it has been described 
how distinction can be made between different peptides, e.g. by introduction 
of an amino acid containing a bio-orthogonal chemical group such as an azide-
moiety. In the following two chapters (Chapter 2 and 3) different methods for 
the isolation of labeled peptides have been developed and will be discussed. In 
this chapter the development of a covalent solid phase enrichment method is 
described.

For the enrichment of specific peptides from a complex peptide mixture several 
requirements have to be met of which the most important are that the method 
should selectively enrich the peptides of interest yielding a single product which 
can be analyzed by mass spectrometry. Methods that described enrichment of 
peptides by covalent capturing on a solid phase are limited in number. One 
example is the solid-phase isotope tagging method described by Zhou et al., 
directed toward cysteinyl peptides1. A thiol reactive group is attached via a 
photocleavable linker to glass beads and an ICAT-based isotope tag has been 
included for quantification. Galactose-induced changes in protein abundance in 
yeast were studied, and with this enrichment method almost exclusively cysteinyl 
peptides were recovered. A second example is the recently described method 
by Foettinger et al., in which tryptophan containing peptides are captured on 
hydrazine beads2.

In this project, peptides containing an azide-group have to be enriched. This 
requires a reactive group that selectively reacts with the azide, capturing the 
peptides of interest on a solid phase. Furthermore, a cleavable linker is needed 
allowing liberation of the peptides from the solid phase. For enrichment by 
covalent capturing on solid phase an appropriate resin has to be selected. In this 
study, different types of solid supports, cleavable linkers and reactive groups 
have been explored in order to develop a method to enrich azide-containing 
peptides. 

As a solid support many different types of resin are described and 
(commercially) available3, 4. To isolate peptides, the solid support should be 
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compatible with aqueous conditions and not release molecules interfering with 
mass spectrometric analysis. It should furthermore be stable under the reaction 
conditions and should have as little nonspecific interaction with peptides as 
possible. The most common solid phase for peptide synthesis and isolation of 
peptides is the polystyrene-poly ethylene glycol graft copolymer (PS-PEG) resin. 
Consisting of a polystyrene core, this resin is very stable and has good swelling 
properties allowing facile entrance of reagents and solvents. The poly ethylene 
glycol-matrix makes the resin more hydrophilic, therefore suitable to use in 
presence of water and peptides. A second suitable solid support may be the 
controlled pore glass (CPG) beads. Consisting of glass, silicium oxide, this solid 
phase is rigid and inert, stable under many different conditions, and compatible 
with water and peptides. The last solid support tested in this study is the poly-
dimethylamide (PL-DMA) resin, first described in 1975 as an alternative for 
styrene-based resins in peptide synthesis5, 6. The resin is very hydrophilic, thus 
compatible with polar solvents such as water, and the polyamide backbone has 
similar solvation properties as peptides, therefore expected to have very little 
nonspecific binding of peptides.

In our approach we want to selectively isolate azide-containing peptides. The 
azide moiety does not react within the cell or under physiological conditions with 
other molecules present in the cell, but can be selectively modified by different 
chemical reactions, such as the (traceless) Staudinger ligation7-10, Cu(I)-catalyzed 
(3+2)-cycloaddition with terminal alkynes11, 12 and the strain-promoted (3+2) 
cycloaddition with cyclooctynes13-16. In this study the last two types of reactions 
have been explored.

After covalent binding of the peptides of interest to the solid phase, they have 
to be released again to be analyzed by mass spectrometry. In solid phase peptide 
synthesis different types of cleavable linkers are used, of which acid labile linkers 
are most commonly17, 18. The use of volatile acids such as trifluoric acid (TFA) 
allows easy removal of excess of reagents by evaporation17. In this study, two 
different types of acid labile linkers were tested, the Rink amide (RAM)19 and 
peptide amide (PAL)20, 21 linker, both cleavable with 95% aqueous TFA. As an 
alternative for these harsh cleavage conditions, a disulphide linker cleavable 
under reducing conditions, has been tested. 

To test the compatibility and applicability of the different methods described 
above for enrichment of azide-containing peptides, they have been applied to i) 
the azide-containing amino acid azidohomoalanine (azhal), containing a Fmoc-
group, ii) model peptides, containing a single azhal residue, iii) a protein digest 
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of Photoactive Yellow Protein (PYP), in which the methionine residues have been 
replaced by azidohomoalanine (azhal), and iv) an azhal-labeled Escherichia coli 
proteome. 

Results and discussion
Synthesis of a solid support for covalent capturing of azide-containing peptides

Synthesis of PS-PEG resin
The synthesis of PS-PEG based resin started with PS-PEG resin Hypogel RAM 200, 
a PS-PEG resin derivatized with an Fmoc-protected acid cleavable RAM-linker. 
First, deprotection of the amine was carried out by incubation of the resin with 
20% piperidine in DMF. To minimize the use of the scarce cyclooctyne moieties, 
coupling of a benzoic type acid to the amine of the linker was first optimized using 
Fmoc-(4-aminomethyl)-benzoic acid (Fmoc-4-Amb-OH) as a model compound. 
The carboxylic acid 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)26 and diisopropyl-ethyl-amine (DIPEA). This yielded the 
desired resin 1 in good yields (see Scheme 1). 

The amount of reactive groups on the resin was determined by base induced 
cleavage of the Fmoc-group to liberate the fluorenyl group which strongly 
absorbs at 300 nm. Under standard reaction conditions an excess of acid and 
HATU coupling reagents is used compared to the resin, to assure complete 

Scheme 1
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coupling. However, as we want to limit the loss of the precious cyclooctyne 
during coupling, a slight excess of resin compared to the acid was used as well 
to compare yields (Scheme 1 and Material and Methods for details). After washing 
and drying of the beads, the loading was determined to be 0.46 mmol/g (92%) 
for coupling the reactive group under standard conditions, and 0.22 mmol/g 
(50%) for the alternative coupling conditions. For our purpose a loading of 0.22 
mmol/g is sufficient: the amount of azide-containing peptides in a proteome is 
expected to be at least two orders of magnitude less27.

Synthesis of cyclooctyne derivatized CPG beads
Aminopropyl CPG beads were derivatized with the acid cleavable PAL linker, 
after which the fluorinated cyclooctyne moiety was coupled as described for the 
PS-PEG resin and resin 2 was obtained with a loading of 0.17 mmol/g (Scheme 
2).

Synthesis of the cyclooctyne derivatized PL-DMA resin
Synthesis of the cyclooctyne derivitized resins started from the commercially 
available poly-dimethylacrylamide (PL-DMA) resin. A cleavable disulphide 
bond linker was introduced by reaction of cystamine with the methyl ester on 
the PL-DMA resin, yielding an amide bond. Coupling of the cyclooctyne to the 
amine of the linker was accomplished by activation of the acid moiety using the 
uronium/guanidinium type peptide coupling reagent HATU, as described for 
the PS-PEG and CPG resin, obtaining the cyclooctyne derivatized resins: azide-
reactive cyclooctyne (ARCO) resin (3a), F-ARCO resin (3b) and DIMAC-resin 
(3c) (Scheme 3).

The amount of reactive groups on the resin was determined after reaction of 
the beads with Fmoc-azidohomoalanine followed by an Fmoc assay as described 

Scheme 2
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for the PS-PEG resin. After washing and drying of the beads, similar loadings for 
the three types of resin were achieved, ranging from 0.15 to 0.25 mmol/g. The 
efficiency of the cleavage of the disulphide linker by reduction was determined 
using beads which were reacted with Fmoc-azhal. Incubation with different 
reducing agents at different concentrations and incubation times showed the 
reduction to be most effective using 5 mM TCEP for 1 hour at room temperature 
at pH 7.5, by which >90% of all Fmoc-azhal groups were cleaved from the resin. 

Cu(I)-catalyzed (3+2)-cycloaddition induces oxidation of peptides

Before coupling the reactive groups to the solid support, their reactivity towards 
azide-containing peptides was investigated. For our application, it is most 
important that the reaction of the reactive groups with the azide-containing 
peptides give a clean and selective reaction. The speed by which the reaction 
takes place is of minor importance.

The click-reaction using terminal alkynes and Cu(I) was found to cause 
Cu(I)-induced oxidation of peptides, which might hamper identification. Cu(I)-
catalyzed cycloaddition of 2-ethynyl-pyridine to a model peptide resulted in the 
observation of various oxidation products, as depicted in Figure 1. To prevent 
oxidation of the peptide the ligand tris-(benzyltriazolylmethyl)amine (TBTA) 
coordinating the free Cu(I) could be added to the reaction mixture28. However, 
this would require removal of excess of this regent and remaining compound 
might interfere with mass spectrometric analysis.

As an alternative to the Cu(I) catalyzed cycloaddition, the strain-promoted 

Scheme 3
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cycloaddition of cyclooctynes to peptides described by the group of Bertozzi was 
investigated29-32. Reaction of a model peptide with the three cyclooctyne moieties 
(a-c in Scheme 3) showed for all compounds a clean and selective reaction (results 
not shown). For the fluorinated-cyclooctyne it was observed that the fluorine was 
exchanged for a hydroxyl group after formation of the triazole14, thus yielding 
two products. Reaction of the model peptide with the recently described – 
water soluble – aza-cyclooctyne DIMAC22 showed besides the expected product 
an unidentified side-product. This might be caused by impurities left in the 
preparation, as the free acid (the last intermediate before the final step in the 
synthesis) is difficult to purify and synthesis was continued with the product as 
it is. After coupling of the aza-cyclooctyne to the resin, however, any possible 
contamination will be lost and no side-products are expected.

Enrichment by PS-PEG resin and CPG beads is not compatible with reaction 
conditions

As described in the introduction, an enrichment method for peptides to study 
proteome dynamics should yield a single product which can be analyzed by mass 
spectrometry. Unfortunately, for the PS-PEG solid support and the CPG beads, 
the reaction conditions for capturing and release of azide-containing peptides 
were not to be compatible with mass spectrometric analysis. Treatment of the 
PS-PEG resin by 95% aqueous TFA showed release of PEG’s as depicted in the 
MALDI-TOF spectrum in Figure 2a. It was therefore chosen not to continue with 
this resin, as the leached PEGs interfere with the mass spectrometric analysis and 
no results could be obtained.

a

b

c

d

e  PPHHHHHHPPRGFGXGFR
♦

♦ *
* * *

* *
* * * *

Figure 1, Cu(I) catalyzed 1,3-dipolar cycloaddition of 2-ethynyl-pyridine to a model peptide. In time, an increase 

in oxidation products can be observed. a, t = 0 min. b, t = 10 min. c, t = 30 min. d, t = 60 min. e, sequence of the 

model peptide. X: azhal. ♦: loss of N2 and uptake of 2 H. *: oxidation products (+16 Da).
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Combining the fluorous cyclooctyne with the CPG beads was found to be 
unsuccessful due to i) unwanted side reactions after triazole formation of the 
azide-containing peptides and the cyclooctyne and ii) nonspecific binding of 
peptides to the beads. After incubation of the CPG beads with model peptides 
containing a single azidohomoalanine (azhal) residue (Figure 2e), the flow 
through was removed and the beads were thoroughly washed to remove any 
unbound peptides. Incubation of the beads by 95% aqueous TFA should cleave 
the PAL linker and release covalent captured peptides. 

However, the cleavage product showed no peptides in de MALDI-spectra. 
On the other hand, analysis of the flow through revealed the presence of: i) 
unmodified peptide, ii) peptides modified by the linker, to which the peptide is 
bound via a triazole, attached to sillicium oxide and iii) peptides modified by both 
the linker and one unreacted linker, attached to the first via two silicium oxide 
moieties (see Figure 2b-e). Apparently, cleavage from the beads had occurred 
under the experimental conditions. In addition, the flow through contained 
model peptide that was not modified, presumably resulting from nonspecific 
binding to the beads. Treatment of the flow through with 95% aqueous TFA 
showed two products in the spectrum: i) unmodified model peptide and ii) the 
expected product after enrichment, with addition in mass of 259.1 Da (Figure 2d).

b

c

d

a

♦

♦

*

*

*** *

*

e

♦

Figure 2, Reagents for enrichment have to be compatible with each other and mass spectrometric analysis. 

For the PS-PEG resin, after cleavage of the linker with 95% TFA, leakage of PEGs was observed. For the CPG 

beads, the fluorine of the reactive group was released after formation of the triazole, attacking the silicium 

oxide of the glass beads, releasing nonspecifically the linker with attached peptide. In this figure the MALDI-

TOF spectra can be found of: a, PS-PEG resin 1 treated with 95% TFA for 2 minutes at room temperature. b, 

model peptide, c, fluorine released peptide from CPG beads 2. An addition in mass of 660.3 Da and 1302.6 Da 

can be observed. d, fluorine released peptide treated with 95% TFA shows an addition in mass of 259.1 Da. e, 

structure of released peptide from CPG beads 2 and reaction product after treatment with 95% TFA. X: azhal. 

♦: loss of N2 and uptake of 2 H. *: salt adducts.
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An explanation of this could be that after formation of the triazole between the 
azide-containing peptides and the cyclooctyne, one of the isomers exchanges the 
fluorine for a hydroxyl group, as mentioned earlier. The released fluoride now 
attacks the silicium oxide, enabling release of the complete linker from the beads. 
This reaction was confirmed by incubation of the beads with low concentrations 
of sodium fluoride (NaF, results not shown). In addition to the fluoride-induced 
release of the linker from the beads, the CPG beads derivatized with the PAL 
linker appeared to be very hydrophobic, showing nonspecific binding of peptides 
from a cytochrome c digest. The controlled pored glass beads were therefore left 
and a more hydrophilic solid support was chosen to continue with.

Cyclooctyne derivatized PL-DMA resins successfully enrich azide-containing 
model peptides

To test the capture and release of azide-containing peptides on the three 
cyclooctyne derivatized PL-DMA resins 3a-c, a model octadeca peptide (Pan016) 
containing one azhal residue was captured and released as described in Material 
and methods. Upon cycloaddition, a triazole is formed and peptides are captured 
on the resin via their azide moiety. Reductive cleavage of the disulfide bond 
liberates a thiol which is alkylated by iodoacetamide. The mass of the released 
peptide obtained will increase with the mass of the cyclooctyne, linker and 
alkylating reagent used, resulting in an addition of either i) 358.2 Da, ii) 376,2 
Da or iii) 385,2 Da, depending on the cyclooctyne resin used (see Scheme 3 and 
Figure 3).

Pan016 was captured from a solution of 50% acetonitrile and 50% 50 mM 
potassium phosphate buffer pH 7.5. After incubation of 24h (or 72h) at 40 °C, 
release of the model peptide from all three cyclooctyne resins yielded the products 
with expected modification after cleavage, as is shown in Figure 3. A shift in 
mass can be observed after capture and release of the peptide, corresponding 
to the mass of the linker. In addition, the typical N2-loss and subsequent 1 or 2 
proton uptake observed for azide-containing peptides, is not observed anymore 
after modification (see Figure 3)33. For all the three types of resin good quality 
spectra were obtained, showing – at first sight – single products. However, a 
closer look shows that the fluorine-cyclooctyne resin gives rise to two products. 
After formation of the triazole, in presence of water one of the regio-isomers 
replaces fluorine with a hydroxyl group, which gives a mass difference of – 2Da. 
This might become a problem when studying more complex samples, as the 
signal gets diluted to two different products. 
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Modification by cyclooctyne moiety makes enriched peptides more 
hydrophobic

After the quality of the methods was investigated with a model peptide, more 
complex samples were subjected to the enrichment. A tryptic digest of the 
Photoactive Yellow Protein (PYP), containing six methionine residues that have 
been replaced by azhal, was incubated with the F-ARCO- and ARCO-resin. 
Similar results were obtained for both resins: after enrichment only a single 
unmodified peptide was observed. Furthermore, all six azhal residues were 
found back in the list of identified peptides. 

For the fluorinated cyclooctyne modified peptides both the fluorine and 
hydroxyl peptides were selected for fragmentation and assigned correctly by 
Mascot. Furthermore, the loss of either HF or H2O is observed, which, however, 
does not interfere with the identification. For the plain cyclooctyne modified 
peptides an ion is observed in the fragmentation spectra, caused by the loss of 
the linker with the cyclooctyne. This ion can be used as a reporter ion and aid in 
data analysis as is discussed in more detail in Chapter 4 and 6. 

For the reversed phase LC experiments it was observed that the peptide 
mixtures enriched by the ARCO- and F-ARCO-resin show a delay in elution and 
elute within a relatively short time using standard gradients. The modification 
of the peptides by the cyclooctyne and the linker makes the peptides more 
hydrophobic and chromatographic behavior is dominated by the cyclooctyne 

b

c

d

a
♦

* *

e

▲
▼

▼ ▲

Figure 3, Enrichment of a single model peptide shows the selective reaction and release of the peptide with 

the PL-DMA resins ARCO (3a), F-ARCO (3b) and DIMAC (3c) resin. A model peptide containing a single azhal 

residue was incubated for 24 hours at 40 °C with the resin. MALDI-TOF spectra of: a, Peptide before addition to 

the resin. b, Enriched peptide by the ARCO-resin c, Enriched peptide by the F-ARCO-resin. d, Enriched peptide 

by the DIMAC-resin. e, Structure and sequence of model peptide enriched by the F-ARCO-resin. X: azhal.  ♦: 

loss of N2 and uptake of 2 H. *: salt adducts. ▲: HO-cyclooctyne modified peptide.▼: F-cyclooctyne modified 

peptide.
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group. Changing the gradient from linear to a combination of a linear and a step-
gradient improved the mass spectrometric analysis enormously; many more ions 
were selected for fragmentation and the number of peptides identified by Mascot 
is increased as well. However, the hydrophobic modification might induce loss 
of material during the procedure and care should be taken to keep the enriched 
material in solution (see Chapter 4 and 5). The use of the more hydrophilic aza-
cyclooctyne DIMAC as reactive group improved the elution of the peptides 
enormously, as was observed for enriched peptides derived from an E. coli 
proteome (see next section). 

Identification of F-ARCO and DIMAC enriched peptides from an Escherichia 
coli proteome is hampered by fragmentation side reactions

We next demonstrate selective sequestration from complex peptide mixtures of 
azhal-containing peptides obtained after in vivo labeling of proteins synthesized 
by E. coli. For these experiments, E. coli was grown with azhal for two hours as 
described in Material and methods. A tryptic digest of the E. coli proteome was then 
incubated with the three cyclooctyne derivatized resins. The obtained enriched 
peptide mixture was subsequently analyzed by LC-MS/MS. 

As discussed in previous sections, enrichment with the F-ARCO resin yielded 
two different types of modified peptides. And although it did not hamper 
peptide identification for a protein digest, data analysis with Mascot of an 
enriched labeled proteome yielded no peptide (and protein) identifications. The 
exchange of the fluorine for a hydroxyl group was however not problematic, 
but an (unexpected) fragmentation process hampered the analysis. In the mass 
spectrometer – upon fragmentation – the loss of either HF or H2O, depending on 
the nature of the starting product, was observed (Figure 4). This is a dominant 
process, yielding a stable conjugated system. As peptide backbone fragmentation 
mainly takes place after this loss, data analysis by the data analysis program 
Mascot fails to match the combination of the mother-ion and the daughter-ion 
series to the database and only a few peptides could be identified. 

Solution of this problem could be the forced loss of HF or H2O by increasing 
the cone voltage, which would potentially yield single products. However, 
increasing the cone voltage might also induce peptide fragmentation, yielding 
a mixture of peptide products, hampering identification. A second solution 
would be the design of a different data analysis program, by which a difference 
in mass between the mother- and daughter-ions can be set. This would allow 
correct assignment of the daughter-ion series in combination with its mother-
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ion. However, no expertise on this subject was present and the availability of 
alternative cyclooctynes allowed the choice for a different reactive group.

As an alternative to the more hydrophobic cyclooctynes, the recently 
described azacyclooctyne DIMAC was used as a reactive group22. Comparison 
of the chromatographic behavior of the different types of enriched (modified) 
peptides shows that indeed the azacyclooctyne modified peptides elute at lower 
acetonitrile concentrations compared to the other two cyclooctyne moieties 
tested. The solubility of the modified peptides is increased and thereby the loss of 
material due to hydrophobic interactions is limited. In addition, it was observed 
that more ions were selected for fragmentation. 

However, hardly any peptides were identified using Mascot for data analysis. 
Inspection of the fragmentation spectra learned that for most selected peptides 
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Figure 4, Fragmentation of linker of enriched products hampers identification of labeled peptides in complex 

mixtures. Loss of HF (or H2O) from the linker of peptides enriched by the F-ARCO-resin during fragmentation 

gives rise to a mother ion and two series of daughter ions. This lowers the score in Mascot searches and less 

protein identifications are obtained. Peptides enriched by the DIMAC-resin are modified by the azacyclooctyne, 

which upon fragmentation shows dominant breakage of the tertiary amine, hampering identification of 

proteins. a, Fragmentation spectrum of a peptide from azhal labeled Photoactive Yellow Protein (PYP) enriched 

by the F-ARCO-resin. TFDYQXTPTK at m/z 1604.79. b, Overview of observed and assigned fragments in peptide 

sequence. y♦: loss of HF. y*: loss of the cyclooctyne with the linker. ▲: cyclooctyne with linker with m/z 

420.2. ▼: linker after loss of HF with m/z 400.2. ■: further fragmentation of the cyclooctyne gives rise to a 

benzoylium ion with m/z 266.1. c, Fragmentation spectrum of a peptide belonging to pyruvate dehydrogenase 

enriched by the DIMAC-resin from a labeled E. coli proteome is shown. With an ion score of 10, it was not 

assigned by Mascot. TFGXEGLFR at m/z 1436.53. d, Overview of observed and assigned fragments in peptide 

sequence. y*: loss of the linker. ■: linker with m/z 217.1. ▲: further fragmentation gives rise to a cyclization 

product with m/z 117.0.
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only little peptide backbone fragmentation took place. The loss of the linker was 
observed as a dominant process, as depicted in Figure 4. It can be best explained 
that the tertiary amide present in this group has a high proton affinity and is 
prone to fragmentation, as observed for tertiary amides present in proline 
residues. This resulted in low scores in the Mascot data analysis and most of the 
peptides selected for fragmentation have a score under the threshold for reliable 
indentification. Therefore the DIMAC-resin was not used for further study.

This leaves us with the last cyclooctyne derivatized resin tested, the ARCO 
resin. The enrichment of a digest of azhal labeled PYP by the ARCO-resin allowed 
identification of all six azhal residues. Enrichment of peptides derived from a 
digest of a labeled E. coli proteome the ARCO-resin allows identification of more 
than twice as many peptides compared to the enrichment with the DIMAC-resin 
(100 peptides versus 40 peptides). The selective capturing and release of azide-
containing peptides from different origin have been optimized for this resin and 
is described in great detail in Chapter 4. The resin has been successfully applied 
to study protein structures by chemical cross-linking (Chapter 5) and to study 
protein synthesis in E. coli by pulse labeling of newly synthesized protein by 
azhal (preliminary results are described in Chapter 6).

Conclusion
In this chapter it is shown that the requirements for an enrichment method for 
peptides stated in the introduction have been found to be valuable. First, reaction 
conditions during capturing or release of the peptides of interest should be 
compatible with mass spectrometric analysis, a criterion that could not be met 
for the PS-PEG resin, releasing mass spectrometric interfering molecules upon 
cleavage of the linker. Second, reaction conditions should be compatible with 
the enrichment, which was found not to be for the CPG beads, being destroyed 
by its reactive group, the fluorinated cyclooctyne. Third, the enrichment of 
peptides should achieve single products, ensuring correct identification of 
the peptides by data analysis. Both the Cu (I) catalyzed click reaction and the 
fluorinated cyclooctyne yielded unexpected modifications of target molecules, 
making identification difficult. And fourth, the last problem encountered was 
the unexpected fragmentation of the enriched products, making it impossible 
to correctly identify peptides enriched from more complex samples. This has 
shown that in the design of an enrichment method the fragmentation behavior 
of the isolated products is of great importance as well. The development of a 
covalent enrichment method makes it clear there are several hurdles that have 
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to be taken before a method is working properly. And even if a (nearly) perfect 
method has been found there are still further improvements that can be made, as 
will be discussed in the General Discussion of this thesis.
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Material and methods

Synthesis of cyclooctyne probes
The cyclooctyne moiety 4-(cyclooct-2-ynylmethyl)benzoic acid was synthesized as described by 
Agard et al..14 The protocol for the workup of the cyclooctyne methyl ester was adjusted, doubling the 
yield of this reaction step. Instead of using water, the reaction mixture was quenched with saturated 
NH4Cl, extracted with EtOAc and dried over MgSO4. After column chromatography (silica gel, 9:1 
hexanes:EtOAc), the product was isolated as a colorless oil (50%). The other cyclooctyne probes were 
kindly provided by the group of Prof. C.R. Bertozzi; the fluorinated cyclooctyne by Dr. J. M. Baskin15 
and the azacyclooctyne, 6,7-dimethoxyazacyclooct-4-yne (DIMAC) by Mrs. E. M. Sletten.22

Synthesis towards azide reactive Polystyrene-polyethyleneglycol (PS-PEG) resin
1 g of the PS-PEG resin Hypogel RAM 200 (0.6 mmol/g (Rapp Polymer, Tübingen, Germany) was 
washed with 12 mL DMF for 1 hour. The resin was treated with 5 mL 20% piperidine in DMF for 
30 minutes. Deprotection of the amine of the RAM-linker was confirmed by the Kaiser test23 after 
which the resin was washed twice with 5 mL DFM and CH2Cl2. Deprotected resin (1 eq or 1.2 eq) 
was reacted with a solution of HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluorophosphate) (3 eq or 1 eq), Fmoc-4-Amb-OH (3 eq or 1 eq; ChemImpex, Illinois, USA) and 
diisopropyl-ethyl-amine (DIPEA) (6 eq or 2 eq) in dry DMF for 1.5 hours at room temperature. After 
a negative Kaiser test, the resin was washed with 10 mL DMF, 10 mL CH2Cl2 and 10 mL DMF for 15 
minutes each and dried under nitrogen. The loading was determined as follows (ref: see below): 10 
mg of resin was treated with 1 mL 20% piperidine in DMF for 10-15 minutes at room temperature, 
50 times diluted with methanol, after which absorption was measured at 300 nm. The loading was 
determined to be 0.46 mmol/g (92%) and 0.22 mmol/g (50%) respectively.

Synthesis of azide reactive Controlled Pore Glass (CPG) beads
Aminopropyl CPG beads (0.2 mmol/g (200-400 mesh; Fluka, Missouri, USA) were derivatized 
with PAL linker, after which the loading was determined to be 0.19 mmol/g (yield: 95-106%). The 
cyclooctyne was coupled to the PAL linker, by incubating the derivatized resin (1 eq) with a solution 
of HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate) (3 eq), 
F-cyclooctyne (3 eq) and diisopropyl-ethyl-amine (DIPEA) (6 eq) in dry DMF for 1.5 hours at room 
temperature. Final loading of the fluorinated cyclooctyne was 0.17 mmol/g.
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Synthesis of azide reactive PL-DMA resin

Azide reactive cyclooctyne (ARCO)-resin: 250 mg of PL-DMA resin (1.0 mmol/g 55-250µm (Polymer 
Laboratories, Shropshire, United Kingdom) was washed with 10 mL DMF, 10 mL CH2Cl2 and 10 
mL DMF for 15 minutes each, prior use. The resin was reacted for three days with 15 mL of a 1 M 
cystamine solution (1 eq cystamine·2HCl, 2.5 eq DBU in DMF) in a reaction vessel at 30 °C under 
nitrogen. Positive coupling of cystamine to the PL-DMA beads was determined by bromo-phenol 
blue.23 After removal of the excess cystamine, the resin was washed by 10 mL DMF, 10 mL CH2Cl 2, 
10 mL DMF and 10 mL CH2Cl 2 for 15 minutes respectively. The linker-derivatized resin (1.2 eq) was 
then reacted with a solution of HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 
hexafluorophosphate) (1 eq), cyclooctyne carboxylic acid (1 eq) and diisopropyl-ethyl-amine (DIPEA) 
(2 eq) in dry DMF for 3 hours at room temperature. After a negative bromo-phenol blue test, the 
resin was washed as described before and dried under nitrogen. To determine the loading of the 
cyclooctyne derivatized resin, 50 mg of resin was incubated with 250 mM Fmoc-Azhal in DMF for 24 
hours at room temperature in a reaction vessel under nitrogen. Under these conditions it is expected 
that all cyclooctyne moieties are modified by the Fmoc-Azhal. The resin was washed and dried 
as described before. Then 2 mg of resin was incubated with 200 μL 20% piperidine in DMF for 15 
minutes at room temperature (in duplo). The reaction mixture was diluted to 10 mL with MeOH and 
absorbance was recorded at 300 nm. Loading was calculated using the Lambert-Beer law, capacity 
(mmol/g) = (6.41*A300)/weight of the resin (mg). This yielded the ARCO-resin with a cyclooctyne 
loading of 0.25 mmol/g.

Fluorinated-azide reactive cyclooctyne (F-ARCO)-resin: as described for ARCO-resin, starting with 20 
mg PL-DMA resin. The final loading was determined as described for the ARCO-resin to be 0.15 
mmol/g.

DIMAC-resin: as described for ARCO-resin, starting with 90 mg PL-DMA resin. The final loading was 
not determined.

Preparation of peptide samples for enrichment
Two model peptides were used, each containing a single azidohomoalanine (X) residue: Pan016, an 
18 amino acid peptide with the sequence PPHHHHHHPPRGFGXGFR and Pbn007, a seven amino 
acid peptide with the sequence FRFXGFFR. Photoactive Yellow Protein was produced as described 
in Back et al..24 Isolated protein was subjected to overnight digestion at 37 °C using a 1:50 (w/w) 
protease:protein ratio, with TPCK treated trypsin (Sigma-Aldrich, St. Louis, USA) in 50 mM potassium 
phosphate buffer pH 7.5. After digestion the peptide mixture was used for capturing experiments 
without any purification. A tryptic digest of an azhal labeled E. coli proteome was prepared as 
described by Kramer et al..25 Deviations from this protocol are described below. After washing, cells 
were transferred to M9 minimal medium in which methionine was replaced by 400 mg/L azhal and 
cells were grown for 2 hours in a shake flask at 37 °C. After tryptic digestion, reducing and alkylating 
reagents were removed with C18 tips, eluting in 75% acetonitrile.

Reactivity of alkyne probes towards an azidohomoalanine-containing model peptide
To a solution of model peptide Pan016 (2 nmol) and 2-ethynyl-pyridine (20 nmol) in 10 mM potassium 
phosphate buffer pH 8.0 were added CuSO4 and ascorbate to a final concentration of 10 μM and 1 mM 
resepectively (final volume 100 ul). Samples of 10 μl were taken before addition of reagents (t = 0) and 
after 10, 30 and 60 minutes of incubation at room temperature. Reagents were removed by desalting 
the sample on C18 reversed phase tips.
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To model peptide Pan016 (1 nmol) in a solution of 25 mM potassium phosphate buffer pH 7.5 
in 50% acetonitrile 1 μmol cyclooctyne moiety in DMF (final concentration 10% DMF) was added 
and incubated at 40o C. Samples were taken at different time points, diluted with 0.1% TFA to a 
concentration of less than 5% ACN and desalted on C18 reversed phase tips.

Enrichment procedure CPG beads
Model peptide Pan016 and Pbn007 (3 nmol, 50 μL) in a solution of either 50 mM potassium phosphate 
buffer pH 7.5 or 25 mM potassium phosphate buffer pH 7.5 in 50% acetonitrile, was added to 3-4 mg 
dry beads and incubated at room temperature for 16 hours, under constant mixing. The beads were 
washed with a solution of 25 mM potassium phosphate buffer pH 7.5 in 50% acetonitrile, followed by 
washes of 15 minutes with acetonitrile; 25 mM potassium phosphate buffer pH 7.5 in 50% acetonitrile; 
10 mM TEATFA pH 10.7; 3 M KCl in 10 mM TEATFA pH 10.7; 10 mM potassium phosphate buffer 
pH 7.5; 3 M KCl in 10 mM potassium phosphate buffer pH 7.5; 50% acetontitrile; acetonitrile; 50% 
acetonitrile; 10 mM sodium acetate pH 5.0 and water. For cleavage of the PAL linker, the beads were 
incubated with 95% TFA for 1 hour, 3 hours and 16 hours. After dilution of the 95% TFA with 1% 
formic acid, the sample was desalted on C18 reversed phase tips. 

For Pan016, 50 ul of the reaction mixture of the enrichment in 25 mM phosphate buffer pH 7.5 
in 50% acetonitrile was desalted on C18 reversed phase tips, dried for 5 minutes in the vacuum 
centrifuge and incubated with 95% TFA at room temperature for 16 hours.TFA was evaporated 
under vacuum and the dried sample was reconstituted in 4 ul of 60% acetonitrile 1% FA. For Pbn007, 
this procedure was employed for 5 ul of the cleavage product after 3 hours incubation with 95% TFA 
of the enrichment in 50 mM phosphate buffer pH 7.5. 

Enrichment procedure PL-DMA resin
Model peptide Pan016 (~6 μg (3 nmol), 75 μL) and digests (AzPYP, 50 μg (~3 nmol), 75 μL; E. coli 
proteome, 400 μg, 150 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 & 
AzPYP) or ~5 mg resin (E. coli proteome) at 40 °C for 24 hours, 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. 

Strong cation exchange chromatography of enriched Escherichia coli proteome samples
For the enriched peptide mixtures by the ARCO- and DIMAC-resin all recovered material was 
loaded. Peptide mixtures were separated on a PolySULPHOETHYL AspartamideTM Column (2.1mm 
ID, 10 cm length; PolyLC Inc., Columbia, USA) on an Ultimate HPLC system equipped with a Probot 
fraction collector (LC Packings, Amsterdam, The Netherlands).  Elution (flow rate: 0.1 mL/min) was 
performed using a gradient of 30 minutes, from 0 to 250 mM KCl over the first 22.5 minutes, ending 
at 500 mM KCl after 30 minutes, with 20 mM potassium phosphate buffer pH 2.9, 20% acetonitrile as 
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buffer. 30 fractions of 100 μL were collected and lyophilized; fractions showing absorbance at 214 nm 
were redisolved in 0.1% TFA, 5% acetonitrile and used without any further purification for LC-ESI-
Q-TOF analysis as described below. 

Mass spectrometry
For reflectron MALDI-TOF, 0.5 μL sample was mixed with 0.5 μL of a 10 mg/mL α-hydroxy cinnaminic 
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.

Electrospray MS and low energy collision induced dissociation (MS/MS) analyses were performed 
on a Q-TOF (Micromass, Whyttenshawe, UK) mass spectrometer with a Z-Spray orthogonal ESI 
source. For LC prior to MS, peptide mixtures were loaded on an Ultimate nano-HPLC system (LC 
Packings, Amsterdam, The Netherlands) and separated on a PepMap100 C18 reversed phase column 
(75 μm I.D., 25 cm length; Dionex, California, USA). For untreated samples ~10 pmol of material was 
loaded, for enriched AzPYP samples ~5% of the enriched material was injected. For each of the SCX 
fractions of the proteome sample before enrichment (100 ul) an amount corresponding to 10-15 mAU 
absorption at 214 nm was loaded. SCX fractions of the enriched E. coli proteome samples were split 
into two and run with both a linear (gradient B) and a step gradient (gradient C; see below). After 
loading on a trap column (Acclaim PepMap100, 300 μm I.D., 5 mm length, Dionex, Sunnyvale, CA, 
USA), elution (flow rate: 0.3 µl/min) of the peptides was performed using a linear gradient (gradient 
B), using solvent A, 0.1% formic acid and solvent B, 50% acetonitrile with 0.1% formic acid, going 
from 0% to 15% B over the first 12 min, then continuing to 45% B from 12-35 min and ending at 100% 
B at 45 min (gradient returned back to 0% B in 2 minutes).  The step-gradient (gradient C) combined a 
linear and a step gradient, using solvent A, 0.1% formic acid and solvent C, 95% acetonitrile with 0.1% 
formic acid. After loading the following gradient was used; 0-5 min from 0 to 16% C, 5-8 min from 16 
to 19% C, 8-10 min 19% C, 10.2-12.2 min 22% C, 12.4-14.4 min 24% C, 14.6-16.6 min 26% C, 16.8-18.8 
min 28% C, 19-21 min 31% C, 21-27 min from 31 to 100% C, 27-37 min 100% C, and 37-40 min from 
100% C to 0% C. Direct infusion of the flow was supported by a Nanobore Emitter (Proxeon, Odense, 
Denmark). Survey scans were acquired from m/z 350–1,750. For MS/MS most intense ions were 
selected in a data-dependent mode, recorded from m/z 50-2,500, scan time 1.00 sec, interscan delay 
0.10 sec with argon as collision gas at a pressure of 4×10-5 bar measured on the quadrupole pressure 
gauge. Fragmentation spectra were processed with the MaxEnt3 algorithm included in the Masslynx 
Proteinlynx software, generating pkl-files (peak list).

Data analysis
Generated peak lists were submitted to Mascot (version 2.1, Matrix Science, London, UK) using an in-
house license. Fragmentation spectra from AzPYP digests were searched against a database to which 
the sequence of the PYP construct was added. Analysis was carried out using following settings: 
TrypChymo, cleaving after K, R, Y, W, F and L except when a P follows, allowing up to 6 missed 
cleavages. No fixed modifications of cysteine residues were set, since the only cysteine residue in 
PYP is conjugated with the chromophore. Variable modifications included carbamidomethylation 
of cysteine; methionine replaced by azhal (C4H6N4O, 126.054161) and methionine replaced by 
a modified azhal residue (ARCO: C24H32N6O3S, 484.225660, ignore 402.196371 and 268.144987; 
F-ARCO: C24H31FN6O3S, 502.216238 and HO-ARCO: C24H32N6O4S, 500.220574; DIMAC: C21H34N7O6S, 
512.229128). Peptide tolerance was set at 0.5 Da, MS/MS tolerance at 0.5 Da, peptide charge at 1+. 
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Assigned fragmentation spectra were validated manually.
For E. coli data, fragment ion searches were carried out using a local database of the E. coli 

K12 proteome (4506 sequences; 1426768 residues, release 14.4 04/11/2008, Uniprot consortium, 
http://beta.uniprot.org/). Settings were as follows: Trypsin, allowing up to 1 missed cleavage; 
carbamidomethylation of cysteine residues as a fixed modification, variable modifications of 
methionine as described for AzPYP. Peptide tolerance was set at 0.8 Da, MS/MS tolerance at 0.8 
Da, peptide charge at 1+. To estimate false positive protein identification rates (FPRs), fragment ion 
searches were performed against a decoy database, made using the Peakhardt decoy database builder 
(Medizinisches Proteom Center, Bochum, Germany; http://www.medizinisches-proteom-center.
de), generating a shuffled version of the E. coli K12 proteome. FPRs were obtained by dividing the 
total number of protein hits from the decoy database by the total number of protein hits from the E. 
coli K12 database and multiplying this ratio by 100 percent. The Mascot output was filtered by using: 
a significance threshold of p < 0.05, MudPiT scoring on, ion score cutoff of 25 and selection of “require 
bold red”. For these search settings FPRs of less than 1.1% were obtained. Peptide summary reports 
were exported as csv-files (comma separated value) for further data-analysis in Excel (Microsoft 
Corporation, Redmond, USA). Exported Mascot results were filtered using the ASAP utilities add-on 
for Microsoft Excel (A Must in Every Office BV, Zwolle, the Netherlands; http://www.asap-utilities.
com) for modified azhal peptides. Per experiment two files were generated containing proteins 
identified by either all unique peptides or by unique (modified) azhal-containing peptides. To 
calculate labeling numbers and enrichment percentages, methionine and azhal-containing peptides 
with the same primary sequence were counted separately.
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Chapter 3

Enrichment of (rare) peptides using 
fluorous solid phase extraction (FSPE)*

Abstract

As an alternative for covalent capturing of azide-containing peptides on a 
solid phase, the possibilities of affinity purification based on fluorous solid 

phase extraction (FSPE) have been explored. Two fluorous tags directed towards 
cysteine-containing peptides and one tag directed towards azide-containing 
peptides have been designed and successfully synthesized in reasonable to good 
overall yields. Labeling of model peptides containing either a cysteine residue or 
an azidohomoalanine residue by the corresponding fluorous tags was successful. 
Modification of peptides in tryptic digests of bovine serum albumine (for 
cysteine reactive tag) and azidohomoalanine labeled photoactive yellow protein 
(for azide-reactive tag) was reasonably effective. As well, cleavage of the linker 
by 95% aqueous TFA gave good results. However, enrichment of the fluorous 
labeled peptides using two commercially available extraction methods was not 
straightforward. The capacity of the NuTip was too low and irreproducible 
results were obtained. Even though performance of the TopTip was found to be 
much better, optimization is necessary. Successful application of fluorous solid 
phase extraction to proteomic samples needs optimization, both on the labeling, 
the enrichment and analysis side. This makes the method, even though some 
promising results have been obtained, at this moment too laborious for further 
investigation.

*The contents of this chapter are based on the master thesis of Linde E. J. Smeenk; Fluorous Solid 
Phase Extraction - A potential separation method for cysteine or azhal containing peptides from 
complex mixtures, University of Amsterdam, 2008
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Introduction

As an alternative for covalent capturing of peptides on a solid phase, the 
possibilities of affinity purification have been explored. One common method for 
affinity purification of peptides is based on the interaction between biotin and 
avidin1. Peptides modified by a biotin moiety are purified on an avidin column: 
unmodified molecules do not interact and will flow through. Elution of bound 
peptides is however not straightforward, the high binding affinity makes elution 
challenging and can result in low yields. To overcome these problems, cleavable 
biotin tags have been designed2-4. As well, modified avidin resins with a lower 
binding affinity for biotin are available. Another drawback is the size of the biotin 
moiety, which might interfere with the modification of the molecules of interest 
and following workup.

Recently, a successful affinity purification method for peptides has been 
described based on fluorous solid phase extraction (FSPE)5. Two decades ago 
(1997) this method was first applied for the synthesis and separation of organic 
molecules: alcohols could be isolated in this way after thermal allylation of 
aldehydes with a fluorous allylstannane6. Nowadays, FSPE has been widely 
used in the purification of mixtures containing fluorous catalysts7, 8, scavengers9, 

10, reagents11, 12, protecting groups13, 14 and different biomolecules15: (synthetic) 
peptides5, 16-18, lipids19 and DNA fragments20.

FSPE makes use of the hydrophobic interactions between fluorine atoms21, 22. 
In presence of fluorophobic solvents, such as water, dimethylsulfoxide (DMSO) 
and mixtures of water and methanol or acetonitrile, fluorous tagged molecules 
interact with the fluorous alkyl chains of the solid support, while untagged 
molecules do not bind (Figure 1). Elution of the fluorous tagged molecules from 
the solid support is performed by washing the solid phase with fluorophilic 
solvents such as methanol, acetone, acetonitrile or tetrahydrofuran (THF). The 
longer the fluorous alkyl chains of the tag, the stronger the fluorine-fluorine 
interaction and the more specific modified molecules are trapped. However, a 
stronger interaction requires as well more stringent conditions for elution, which 
might be a drawback as large elution volumes result in low concentrations of 
analyte, potentially causing loss of sample. 

FSPE was successfully used by Brittain et al. to enrich peptides: with 
high specificity, phosphorylated peptides were enriched from a digest of a 
yeast total protein extract5. After oxidation of the peptide mixture, peptides 
containing phosphorylated serine residues were modified with a fluorous tag by 
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β-elimination, followed by a Michael reaction using a fluorous thiol. The labeled 
peptides were enriched by FSPE: the peptide mixture was loaded on capillaries 
containing fluorous reversed phase silica in 50% acetonitrile, followed by washes 
with the same solvent. Peptides were eluted by 50 column volumes of methanol 
and analyzed by LC/MS/MS. In this way, several candidate phosphopeptides 
could be identified.

Although the method is described to be working very well, the fluorous tag 
is very hydrophobic and ionization of the peptides might be hampered, thereby 
interfering with mass spectrometric analysis. As well, separation on HPLC is 
decreased by the modification of peptides by this large hydrophobic group. The 
introduction of a cleavable linker in the fluorous tag might solve these problems 
and the method might become (even) more sensitive (Figure 1). 

In this study, we have explored FSPE as an alternative for covalent capturing 
on solid phase as described in Chapter 2 and 4. For optimization of the method, 
fluorous tags reactive towards cysteine-containing peptides were designed and 
synthesized. Labeling, enrichment and cleavage of the tags were optimized 
on model peptides and a tryptic digest of the cysteine rich protein bovine 
serum albumine (BSA). For enrichment of the fluorous labeled peptides, two 
commercially available extraction methods that make use of pipet tips were 
tested. Finally, an azide reactive fluorous tag was synthesized and applied to 
a model peptide with a single azide-containing amino acid azidohomoalanine 
(azhal) and a tryptic digest of an azhal labeled protein, Photoactive Yellow 
Protein (PYP).
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Figure 1, Overview of protocol for enrichment of peptides by fluorous solid phase extraction (FSPE). Proteins 

are digested by trypsin (a) and the obtained peptide mixture including peptides with the target residue (X), is 

incubated with a cleavable fluorous tag (b), reactive towards either thiols (1 and 2) or azides (3). After labeling, 

the peptide mixture is loaded in on a tip containing fluorous silica (c). Peptides that are not labeled will not 

bind to the column and be washed away (d). To elute fluorous labeled peptides two approaches have been 

investigated: i) captured peptides are eluted by a fluorophilic solvent (e) and then the fluorous tag is removed 

(g), or ii) captured peptides are released from the column by cleavage of the linker of the fluorous tag, which 

remains on the column (f). The enriched peptides are analyzed by mass spectrometry.
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Results and discussion
Choice of materials

Affinity purification by fluorous solid phase extraction takes place by interaction 
of a fluorous alkyl chain with fluorous silica. The size of the fluorous alkyl chain 
determines the strength of the interaction. To ensure good binding capacities a 
fluorous tag with a length of eight carbon atoms and – thus – seventeen fluoride 
atoms was chosen (C8F17)5, 23. 

As a cleavable linker a 2-tert-butoxycarbonyl-type moiety (Boc) was chosen, 
analogous to the Boc-protective group commonly used in peptide synthesis. 
Cleavage can be achieved by treatment with 95% aqueous trifluoric acid (TFA). 
It gives a fast cleavage, and even though these harsh conditions peptides are not 
modified. Furthermore, TFA is volatile and can easily be removed by evaporation 
in a vacuum centrifuge. 

Depending on the application the reactive group attached to the fluorous tag 
has to be either thiol or azide reactive. To label cysteine-containing peptides an 
iodo-aceto moiety was chosen. Iodo-acetamide is commonly used for alkylation 
of free thiols in proteomics. It gives a clean and fast reaction carried out under 
mild reaction conditions. For the azide-containing peptides the cyclooctyne 
described in Chapter 2 and 4 was chosen for its clean and fast reaction. 

In Scheme 1, the different types of fluorous reagents used in this study are 
depicted. The fluorous tags and the iodo-aceto or cyclooctyne moieties were 
connected via 1,3-diaminopropane or piperazine. The fluorous tag is connected 
to mono-Cbz protected diamines via a Boc-type acid labile carbonate group. 
After Cbz removal the iodo-aceto or cyclooctyne moieties are connected via 
amide bond formation to the fluorous tag, yielding compounds 1 to 3.
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For the affinity purification of the fluorous tagged peptides, it was chosen to use 
two commercially available pipette tips, containing fluorous silica24. Preliminary 
experiments had shown that the interactions of fluorous tagged molecules with 
the fluorous silica is very strong and when using large amounts of the solid phase, 
elution is hard to accomplish. The tips available contain only a small amount of 
(immobilized) fluorous silica and should circumvent this problem. The first type 
of tip is the NuTip25: it contains fluorous silica embedded in the inner surface, 
which allows maximal contact of the sample with the surface area. These tips 
only come into small binding capacities ranging from 1 to 4 μg, depending on 
the size of the tip. The second type of tips tested in this project, the TopTip25, are 
micro solid phase extraction (SPE) spin columns, containing a slit on the bottom 
of the tip, which allows liquid to pass trough, but the chromatographic material 
is retained in the tip. The binding capacity of these tips depends on the amount 
of chromatographic material used. 

Synthesis of the fluorous tags

Synthesis of backbone of fluorous tag

1. Propane diamine backbone
The propane diamine backbone 1 is derived from the commercially 
available 2-2-(1H,1H,2H,2H-perfluorodecyl)isopropoxycarbonyloxyimino-2-
phenylacetonitrile (FBoc-ON) and 1,3-propanediamine (Scheme 2). The first step 
in the synthesis is the mono protection of the symmetrical 1,3-propanediamine to 
prevent reaction with the FBoc-ON at both sides. To achieve this, first an excess 
of the diamine was reacted with Boc-anhydride, resulting in 4 in 91% yield26. 
Second, the free amine of 4 was protected via reaction with benzylchloroformate, 
giving 5 in 85% yield, followed by the removal of the Boc group with TFA 
resulting in 6 with 78% yield.

The reaction of 6 with FBoc-ON was found to be difficult to accomplish. To 
monitor the progress of the reaction and to determine completion of the reaction, 
FBoc-ON was used as reference. After reaction of 6 with FBoc-ON for 1 day at 
room temperature, still FBoc-ON was left in the reaction mixture. To increase 
the reaction rate, the mixture was heated for 2 hours at 60 ºC. However, even 
though no FBoc-ON was detected anymore, workup resulted in only 20% yield of 
7. Repeating the reaction improved the yield only a little to 27%. An explanation 
could be decomposition of FBoc-ON at higher temperatures, as it is known that 
Boc-ON decomposes when stored for longer time at room temperature. This 
could have let to the incorrect conclusion that the reaction had finished. Addition 
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of more FBoc-ON to the reaction mixture could increase the yield, but has not 
been investigated. The last step to obtain the propane diamine backbone was 
liberation of the primary Z-protected amine 7 via hydrogenation and resulted in 
8 in quantitative yield. 
2. Piperazine backbone
The piperazine backbone is easier obtained compared to the propane diamine 
backbone with a synthesis consisting of only two steps (Scheme 3). First, reaction 
of the commercially available Cbz-protected piperazine with FBoc-ON gives after 
2 hours of reaction at room temperature compound 9 in a yield of 82%. Second, 
deprotection of the secondary Z-protected amine 9 was performed as described 
for 7, resulting in 10 in 99% yield.

Synthesis of cysteine-reactive fluorous tags
To obtain the cysteine-reactive fluorous tags, iodo acetic acid was coupled to the 
free amine of the fluorous backbone (Scheme 2 and 3). According to the literature, 
N-alkylation of the unprotected amine with iodoacetic acid can be performed the 
best when the acid is activated as its 1-hydroxysuccinimide ester 27. Purification of 
the activated iodoacetic ester 11 by crystallization from ethanol was unsuccessful 
when low amounts of reagents were used. However, on larger scale the reaction 
resulted in a good purification and 11 was obtained in 66% overall yield. 

Scheme 2
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Fluorous tag 1 was obtained by mixing 8 and 11 in dichloromethane in a yield 
of 60%. The overall yield of the synthesis of 1 is only 10%, mainly caused by the 
reaction of the FBoc-ON moiety with the mono-protected diamine.

The same synthetic route was followed to derivatize the more nucleophilic 
piperazine fluorous backbone 10. The reaction to form the amide bond with 
the activated iodoacetic acid was very clean, resulting in 2 with 99% yield. The 
overall yield of the synthesis of 2 is 80% in three steps.

Synthesis of azide-reactive fluorous tag
For the synthesis of the azide-reactive fluorous tag, the fluorous piperazine 
backbone 10 was used for derivatization with the cyclooctyne methyl acid 
(Scheme 4). Synthesis of cyclooctyne methyl acid was carried out as described 
by Agard et al. 28. Activation of the carboxylic acid 12 was performed with 
N-hydroxysuccinimide, obtaining the product quantitatively. Fluorous 
piperazine backbone 10 was then incubated with the activated cyclooctyne ester 
13, providing compound 3 in 38% yield.

Scheme 3

Scheme 4
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Optimization of the enrichment of cysteine peptides by fluorous solid phase 
extraction (FSPE)

Labeling of cysteine-containing peptides by fluorous tags
Conditions for labeling of cysteine-containing peptides were optimized using 
a model heptapeptide containing a single cysteine residue. Firstly, to achieve 
complete alkylation of the peptide with the fluorous tag, basic conditions are 
needed to keep the (reduced) cysteine residue deprotonated. Secondly, the 
presence of an organic fluorophilic solvent is necessary to keep the fluorous tag 
dissolved. This was achieved by carrying out the alkylation in 40 mM ammonium 
bicarbonate with 60% methanol.

For complete modification of the peptide an excess of fluorous reagent was 
needed. With 25 equivalents of fluorous tags 1 and 2, complete alkylation of 
the peptide was obtained. No complete reaction was observed when using only 
2.5 equivalents, and at higher concentrations the solubility of the fluorous tag 
became a problem. The reaction was best carried out either at room temperature 
or at 40 degrees in the dark: alkylation was then completed in one to two hours. 
At higher temperatures (60 and 80 ºC) decomposition of the fluorous reagents 
was observed.

Figure 2 contains the MALDI-TOF spectra and reaction scheme of the labeling 
of a model peptide with fluorous tags 1 and 2 under optimal conditions. For both 
tags an increase with the expected mass is observed. Furthermore, no difference 
in reactivity between the two tags was observed and conditions were optimized 
further using both tags.

Enrichment of fluorous tagged peptides by NuTips
Before enrichment of the fluorous tagged peptides by FSPE, the excess of 
fluorous reagent was removed by incubation of the reaction mixture with the 
commercially available N-2-mercaptho-ethylaminomethyl polystyrene beads 
for one day at room temperature. Removal is necessary as the excess of reagent 
used will occupy the binding sites of the fluorous silica during enrichment. This 
reduces the binding capacity of the tips and sample loss is the consequence. 

The binding of fluorous tagged peptides to the NuTips and washing conditions 
were tested with different concentrations aqueous methanol (20-60%) and 
acetonitrile (20-50%), from which 40% aqueous methanol gave the best results, 
leaving no peptide in the flow through and washing steps. Elution of the model 
peptide bound to the tip was best performed with 100% methanol. 



Fluorous solid phase extraction (FSPE)

53

Cleavage of fluorous tag by 95% aqueous TFA
Removal of the fluorous tag can be achieved by cleavage of the Boc-linker with 
95% aqueous TFA. Two approaches were tested: i) treatment with TFA on the 
tip, which leaves the fluorous tag on the tip and ii) cleavage of the linker after 
enrichment. To cleave the fluorous tag on the tip, fluorous tagged model peptide 
was bound to the NuTip, after which it was incubated for 90 minutes at room 
temperature with 95% aqueous TFA. However, this resulted in no detectable 
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Figure 2, A cysteine-containing model peptide is selectively modified by fluorous tags 1 and 2. A model 

peptide containing a single cysteine residue was incubated for 2 hours at room temperature with either 

fluorous tag 1 (I) or tag 2 (II). Removal of the fluorous tag is carried out by incubation with 95% aqueous TFA for 

90 minutes at room temperature, which cleaves the Boc-group. In the upper panel the recorded MALDI-TOF 

spectra. In the lower panel the corresponding reactions are depicted. a, Peptide (sequence) before labeling. b, 

Fluorous labeled peptide with an addition in mass of 646.11 Da (I) or 658.11 Da (II). c, Peptide with removed 

fluorous tag, with a shift in mass of -532.03 Da (I and II). Ac: N-terminus is acetylated. *: salt adducts.
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peptides by MALDI-TOF analysis. Cleavage of the linker after enrichment did 
result in the expected modified peptide with an addition in mass of 114.08 Da for 
fluorous tag 1 and 126.08 Da for tag 2 (Figure 2). There was no notable difference 
in efficiency between the cleavage of the linkers of fluorous tags 1 and 2. 

During workup of the samples for mass spectrometric analysis, evaporation 
of the TFA appeared not to be sufficient to remove all acid. After cleavage of 
the linker and evaporation of the TFA, no product could be observed in the 
MALDI-TOF spectra. Most likely, the untagged peptides form TFA salts during 
evaporation hampering subsequent analysis. This problem was solved by 
including a desalting step in the protocol before analysis.

Enrichment of cysteine-containing peptides from a tryptic digest of bovine 
serum albumine (BSA)

Optimized conditions were then applied to a tryptic digest of the protein bovine 
serum albumine (BSA). This protein contains 35 cysteine residues, which are 
participating in 17 disulphide bridges. Before alkylation the digest was reduced 
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Figure 3, Enrichment of cysteine-containing peptides from bovine serum albumine (BSA) by FSPE. A tryptic 

peptide mixture of BSA was labeled by fluorous tag 1 and enriched by FSPE using NuTips, after which the 

fluorous tag was removed by treatment with 95% aqueous TFA. MALDI-TOF spectra of: a, Tryptic digest of 

BSA before labeling. b, Tryptic digest labeled by fluorous tag 1. c, Enriched peptides by FSPE using NuTips. d, 

Removal of fluorous tag of enriched peptides. *: cysteine-containing (labeled) peptide. ▲: cysteine-containing 

peptide observed in all stages of enrichment. ■: cysteine-containing peptide observed after enrichment and 

after cleavage of linker. ♦: matrix clusters.
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by treatment with β-mercaptoethanol after binding on a C18 reversed phase 
tip. Analysis of the reduced peptide mixture by MALDI-TOF, showed twelve 
cysteine-containing peptides. After alkylation with 25 equivalents of fluorous tag 
1, only one labeled peptide was found back (Figure 3, a and b). This might be 
either the result of reduced ionization of the fluorous labeled peptides or the loss 
of sample by the hydrophobic modification.

Enrichment of a fluorous tagged BSA digest with the NuTips had only 
limited success. Firstly, five out of the 35 cysteine residues were detected after 
enrichment, which is an improvement compared to labeled peptides detected 
before enrichment. However, compared to the peptides detected before 
labeling, less than half of the peptides are found back. Secondly, results could 
not be reproduced:  different peptides were enriched in different experiments. 
Furthermore, nonspecific binding of untagged peptides was observed, which 
could be somewhat reduced by the inclusion of a washing step with sodium 
chloride. However, the low recovery, the irreproducibility and the nonspecific 
binding make the NuTips – in our hands – unsuitable for enrichment of fluorous-
tagged peptides.

Cleavage of the fluorous tag of enriched fluorous tagged BSA peptides with 
95% aqueous TFA showed the reaction to be successful. All five enriched peptides 
could be observed after the reaction with the expected difference in mass (Figure 
3).

Enrichment of cysteine-containing peptides by TopTips

Enrichment by NuTips containing fluorous silica was found to be unsuitable 
for more complex samples such as a fluorous labeled tryptic digest of BSA. 
To improve enrichment, a first attempt to explore the possibilities of TopTips 
was made. A 14 amino acid peptide containing a single cysteine residue was 
labeled with fluorous tag 2 and mixed in different amounts with a tryptic digest 
of BSA. Using the conditions for loading, washing and eluting as optimized for 
the NuTips, results were found to be more reproducible. No nonspecific binding 
was observed and the fluorous labeled peptide could be detected after elution 
(results not shown).

Even though the results for enrichment by TopTips are more promising 
compared to NuTips, they are based on only a few experiments. In addition, as at 
least 50 column volumes are needed for elution of captured peptides, enormous 
dilution of the enriched sample takes place. This might result in sample loss, 
especially for low abundant species. Sample loss will be further promoted when 
evaporation of (organic) solvents is needed for LC-MS/MS analysis. Therefore, 
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to confirm the potential usefulness of the TopTips for proteomic samples, the tips 
should be applied to more complex samples, such as digests of proteins or even 
proteomes, and show reproducible results with good yields.

Enrichment of azide-containing peptides by fluorous solid phase extraction 
(FSPE)

The covalent enrichment of the azide-containing peptides on a solid phase as 
described in Chapter 2 and 4, yields the products in good quality and acceptable 
yields. However, the reaction on the solid phase is not fast (24 hours at 40 ºC) and 
the yield obtained for an azhal-labeled E. coli proteome is only around 25%. It is 
expected that the reaction of azide-containing peptides with the fluorous tags in 
solution takes place faster and with a higher yield.

However, no product formation was observed for the cycloaddition of the 
model peptide and the azide-reactive fluorous tag under conditions used 
for covalent enrichment (25 mM potassium phosphate buffer pH 7.5 in 50% 
acetonitrile), not even after 2 days at 40 ºC. This might be caused by reduced 
solubility of the (hydrophobic) fluorous tag in these solvents. Therefore, the (2+3) 
strain-promoted cycloaddition between the azide-containing model peptide and 
the cyclooctyne fluorous tag was carried out in different solvents. The reaction 
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Figure 4, An azidohomoalanine-containing model peptide is selectively modified by fluorous tag 3. A model 

peptide containing a single azhal residue was incubated for 24 hours at 40 degrees with fluorous tag 3. a, 

MALDI-TOF spectrum of peptide before labeling. b, Fluorous labeled peptide with the expected shift in mass 

of 842.24 Da. c, Sequence of peptide labeled with fluorous tag 3. X: azhal. ▲: loss of N2 and uptake of 2 H. *: 

salt adducts. 2+: doubly charged peptide.
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in DMF was not efficient: after 2 days, both at 20 ºC and 40 ºC, still unmodified 
peptide was detected in the MALDI-TOF spectra. In addition, apart from the 
desired product DMF related formylation of the primary amines in the peptide 
was observed. The reaction in 80% aqueous acetonitrile or methanol or 100% 
methanol was not successful either. After coupling for 2 days at 40 ºC, an 
unknown side product was observed in addition to the desired product. The 
only condition yielding the desired product was the reaction of the cyclooctyne 
fluorous tag with the model peptide in 100% acetonitrile and was therefore 
selected to continue with (Figure 4).

These optimized conditions were then applied to a digest of azhal labeled 
Photo Active Yellow Protein (PYP). This protein contains six methionine residues, 
which have been replaced by azhal. In the MALDI-TOF spectra, it was observed 
that the azhal-containing peptides disappeared in the spectrum after labeling the 
peptides with the fluorous tag. However, no formation of products was detected. 

For the fluorous tagged azide-containing peptides no enrichment was carried 
out. Attempts for the synthesis of azide-beads to remove excess of fluorous 
reagent were unsuccessful and therefore no affinity purification by FSPE could 
be performed. Furthermore, the affinity purification of fluorous tagged cysteine-
containing peptides was only achieved with limited success in our hands (as 
discussed in previous sections), which made further investigations on applying 
the method on azide-containing peptides redundant.

Discussion

Even though modification of the target molecules with the fluorous tags was 
found to be selective, there are several drawbacks for this labeling of peptides. 
Firstly, an excess of reagent is necessary for complete labeling of the peptides. 
This has two consequences: i) a large amount of reagent is needed and ii) an 
additional step is needed to remove the excess of fluorous reagent again, making 
the method more laborious and more prone towards sample loss. In addition, 
the solubility of the tags in aqueous solution is rather limited depending on the 
solvents used, making the conditions for pH-dependent labeling critical.

Furthermore, the hydrophobic nature of the fluorous tag makes the labeled 
peptides susceptible to adsorption to vials and tips used in the workflow. Especially 
during the affinity purification, when aqueous methanol or acetonitrile solutions 
are used, solubility of the fluorous tagged peptides might be decreased, leading 
to (potential) loss of material. This would become particularly problematic when 
low abundant peptides have to be enriched. 
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No difference was observed in the labeling reaction of cysteine-containing 
peptides between the tags with a different backbone. The piperazine backbone 2 
was easier obtained compared to the linear backbone 1 and would therefore be 
favored over the linear backbone. However, the tertiary amide in this backbone 
might be prone to dominant fragmentation, as observed for the azacyclooctyne 
DIMAC 29 discussed in Chapter 2. This undesired side reaction could hamper 
identification of peptides for more complex samples, making fluorous tag 1 
unsuitable for the enrichment and analysis of peptides of interest. 

Apart from the critical labeling conditions, enrichment of the fluorous labeled 
peptides was not straightforward either. Firstly, the affinity purification using 
either NuTips or TopTips had a low recovery: at least 100 pmol of a single model 
peptide was needed to detect peptides after enrichment with MALDI-TOF. 
For the NuTips this has been reported in literature as well: for enrichment of 
fluorous tagged cysteine-containing peptides from a BSA digest a recovery of 
approximately 42% was obtained under slightly different conditions 30. Secondly, 
enrichment of the target peptides by NuTips was irreproducible and nonspecific 
binding of other peptides was observed. For TopTips further research is needed 
to confirm its potential in proteomic studies. Combining the observations for 
labeling and affinity purification would lead to the conclusion that under the 
conditions tested in this study, FSPE is at this moment not a straightforward 
choice for enrichment of peptides to study proteome dynamics.

However, recently, Ying et al. showed that fluorous tagged cysteine-containing 
peptides from a BSA digest could be enriched by reversed phase chromatography 
as an alternative to FSPE 30. After digestion of BSA, cysteines were modified by 
fluorous iodoacetamide, and the obtained labeled peptide mixture was analyzed 
by reversed phase LC-MS/MS. It was shown that fluorous modified peptide elute 
considerably later in the gradient at higher acetonitrile concentrations compared 
to unmodified peptides. This allows you to separate modified peptides of interest 
from the others. 

There are some reservations that have to be made. Firstly, analyses of digests 
in which the cysteine residues were alkylated by either iodoacetamide with a 
fluorous tag or by regular iodoactamide, showed similar results. Even though 
for the fluorous labeled peptides more cysteine-containing peptides were 
detected (31 vs 22), the number of modified cysteine residues that are found in 
the analyses are similar (32 vs 31). Secondly, for a single protein this approach is 
shown to be working very well, but when applying it to more complex samples 
(such as proteomes), a separation in one dimension may become the limited step.  
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Thirdly, the fluorous tag is a very hydrophobic moiety. This characteristic is used 
in its benefit in the described enrichment method, but - as discussed before and 
mentioned by the authors as well – it is a drawback as well. High concentrations 
of organic solvents are needed to keep the fluorous tag soluble, which may cause 
reduced solubility of some peptides and proteins and induce sample loss.

Conclusion

In this study, two fluorous tags for cysteine-containing peptides and one tag for 
azide-containing peptides have been successfully synthesized in reasonable (for 
compound 2) to good (compound 1 and 3) overall yields. Modification of the 
peptides with the corresponding fluorous tags was successful, as observed in 
the MALDI-TOF spectra. However, the enrichment of the modified peptides by 
FSPE is not straightforward and contains some critical steps. 

Enrichment by the NuTip was not successful: the capacity of the tip was too 
low and irreproducible results were obtained. Performance of the TopTip was 
found to be much better, but needs optimization. Especially, the amount of solid 
phase needed for enrichment and the solvents used for binding and elution 
should be subject of investigation. As well it has to prove its applicability for 
more complex samples.

In conclusion, there are a number of drawbacks – as pointed out in Discussion 
– that makes it questionable whether fluorous chemistry is suitable for affinity 
purification of peptides of interest from complex mixtures for mass spectrometric 
analysis. As well, in literature, only a limited number of studies are found that 
use fluorous chemistry for proteomic studies. Successful application of fluorous 
solid phase extraction to proteomic samples still needs quite some optimization, 
both on the labeling, the enrichment and analysis side. This makes the method, 
even though some promising results have been obtained, in our hands at this 
moment too laborious for further investigation. 

Acknowledgement

We thank Linde Smeenk for her major contributions to the contents of this 
chapter.



Chapter 3

60

Material and Methods
Analysis of synthetic products

Flash chromatography
Chromatographic purification refers to flash chromatography using the indicated solvent (mixture) 
and Acros silica gel (0.035-0.070 mm).
NMR spectroscopy
NMR spectra were recorded in Fourier Transform mode on Bruker ARX 400 (1H at 400 MHz) magnetic 
resonance spectrophotometer. Spin multiplicity is described by the following abbreviations: s = 
singlet, d = doublet, t = triplet, q = quarted, m = multiplet, dd = double doublet and br = broad. 
Coupling constants (J) are reported in Hertz (Hz). Chemical shifts (δ) are expressed in ppm relative 
to TMS at δ = 0.
Mass spectrometry
Fast Atom Bombardment (FAB) mass spectrometry was carried out using a JEOL JMS SX/SX  102A 
four-sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD system program.
Infrared spectroscopy
Infrared spectra were obtained from CDCl3 solutions on a Bruker IFS 28 Fourier Transform 
spectrometer (FTIR) and are reported in wave numbers (cm-1).

Synthesis of backbone fluorous-affinity tags

N-(tert-Butoxycarbonyl)-1,3-propanediamine (4) 26

To a solution of propanediamine (344 mmol; 29 ml) in CHCl3 (55 ml) at  0 ºC was added (Boc)2O (5.74 
mmol; 1.25 g) dissolved in CHCl3 (8 ml) drop wise during 0.5 h. The reaction mixture was allowed 
to warm up to ambient temperature and stirred for 2 h. After filtrating the mixture, the filtrate was 
concentrated in vacuo and the residue was dissolved in EtOAc (60 ml). The solution was washed with 
brine (3x 30 ml) and dried over MgSO4. Evaporation of the solvent in vacuo gave 4 (0.91 g; 91%) 1H 
NMR (400 MHz, CDCl3) δ 1.43 (s, 9H), 1.60 (quintet, 2H, J = 6.4, 6.8), 2.75 (t, 2H, J = 6.8), 3.19 (q, 2H, J 
= 6.4, 6.0), 4.90 (br s, 1H)

N-(tert-Butoxycarbonyl)-N-(benzyloxycarbonyl)-1,3-propanediamine (5) 26

To propanediamine 4 (5.22 mmol; 0.91 g) in THF (30 ml) at 0 ºC was added NaOH (5 ml 3.2 M) and 
benzylchloroformate (7.83 mmol; 1.10 ml). The reaction mixture was allowed to warm to ambient 
temperature and stirred overnight. The solution was acidified with HCl (6M) and extracted with 
EtOAc. The organic layer was dried over MgSO4. The solvent was removed in vacuo to give the crude 
product which was flash chromatographed (silica gel, PE:EtOAc 9:1 -> 0:1) to provide 5 (1.38 g; 85%) 
as a white solid.  1H NMR (400 MHz, CDCl3) δ 1.43 (s, 9H), 1.63 (quintet, 2H, J = 6.4, 6.8), 3.18 (q, 2H, J 
= 6.4, 6.0), 3.25 (q, 2H, J = 6.4, 6.0), 4.82 (br s, 1H), 5.10 (s, 2H) 5.25 (br s, 1H), 7.29-7.37 (m, 5H)
N-(benzyloxycarbonyl)-1,3-propanediamine (6)
To a solution of 5 (1.38 g; 4.46 mmol) in CH2Cl2 (5 ml) was added TFA (5 ml) and the reaction mixture 
was stirred overnight. After evaporation of the solvents in vacuo, the residue was dissolved in MeOH 
(10 ml) and MeOH/NH3 (7M, 10 ml) was added. The mixture was stirred for 30 minutes and then 
evaporated under vacuo. Again, MeOH (10 ml) was added and evaporated. CH2Cl2 (10 ml) was 
added and evaporated, during which a white solid was precipitated. Again, CH2Cl2 (10 ml) was 
added and evaporated. The residue was put under high vacuum for 1 h. CH2Cl2 (30 ml) was added 
and the solution was put in ultrasound for 30 minutes. The mixture was filtrated with CH2Cl2 and 
evaporation afforded 6 (714 mg; 78%) 1H NMR (400 MHz, CDCl3) δ 1.83 (br s, 2H), 2.96 (br s, 2H), 3.25 
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(br s, 2H) 5.05 (s, 2H) 5.42 (br s, 1H), 7.30-7.37 (m, 5H) 8.10 (br s, 2H)

N-FBoc-N-(benzyloxycarbonyl)-1,3-propanediamine (7) 14

To a solution of FBoc-ON (0.15 mmol; 100 mg) in THF was added 6 (0.30 mmol; 60 mg) in THF (total 5 
ml) and the mixture was stirred over the weekend. Afterwards, the mixture was warmed up to 60 ºC 
and stirred for an extra time of 2 h. The solution was washed with KHSO4 and NaHCO3 and extracted 
with EtOAc. Evaporation of the solvent and high vacuum yielded the crude product. After flash 
chromatography (silica gel, PE:EtOAc 3:1 -> 0:1) 7 (22 mg, 20%) was obtained as a white crystalline 
solid. 1H NMR (400 MHz, CDCl3) δ 1.48 (s, 6H), 2.00-2.02 (m, 2H), 2.11-2.18 (m, 2H), 2.22-2.27 (m, 2H), 
3.19 (m, 2H), 3.24 (m, 2H) 4.98 (br s, 1H), 5.11 (s, 2H), 7.30-7.37 (m, 5H)
N-FBoc-1,3-propanediamine (8)
Compound 7 (0.11 mmol; 82 mg) was dissolved in EtOAc:i-Propanol 1:1 (50 ml) under N2. Pd/C 
(40 mg) was added under N2 and afterwards the N2 was replaced by H2 and the mixture was stirred 
overnight. The mixture was filtrated with celite and the celite was washed with EtOAc:i-Propanol 1:1 
(300 ml). The solvents were evaporated under vacuo, which yielded 8 (119 mg; 178%) 1H NMR (400 
MHz, CDCl3) δ 1.28 (br s, 2H), 1.50 (s, 6H), 2.04 (m, 2H), 2.14-2.19 (m, 2H), 2.81 (br s, 2H), 3.26 (br s, 
2H)
N-FBoc-N-(benzyloxycarbonyl)piperazine (9)
To a solution of FBoc-ON (0.91 mmol; 616 mg) in THF (70 ml) was added benzyl-1-pyperazine 
carboxylate (1.0 mmol; 0.20 ml) and the mixture was stirred for 2 h. After flash chromatography (silica 
gel, PE:EtOAc 9:1 -> 0:1) 9 (573 mg, 82%) was obtained as a white solid. 1H NMR (400 MHz, CDCl3) δ 
1.53 (s, 6H), 2.09 (m, 2H), 2.15 (m, 2H), 3.43 (br s, 4H), 3.50 (br s, 4H), 5.17 (s, 2H), 7.36 (m, 5H)
N-FBoc-piperazine (10)
Compound 9 (0.35 mmol; 267 mg) was dissolved in i-Propanol/EtOAc 1:1, resulting in a total volume 
of 80 ml. Pd/C (20 mass%; 50 mg) was added and the reaction mixture was stirred overnight under 
H2. Celite filtration and solvent evaporation yielded 10 (219 mg, 99%) as a white crystalline solid. 1H 
NMR (400 MHz, CDCl3) δ 1.52 (s, 6H), 2.06 (m, 2H), 2.15 (m, 2H), 2.63 (s, 1H), 2.84 (s, 4H), 3.41 (s, 4H)

Synthesis of thiol-reactive fluorous-affinity tags

Pyrrolidine-2,5-dionyl iodoacetate (11) 27

1-Hydroxysuccinimide (4.35 mmol; 500 mg), iodoacetic acid (4.35 mmol; 809 mg) and DCC (4.35 
mmol; 900 mg) were added to EtOAc (125 ml) and the mixture was stirred in the dark overnight. The 
mixture was filtered with CHCl3 and the filtrate was concentrated to dryness in vacuo. The residue 
was crystallized from ethanol to yield 11 (814 mg; 66%) as a white crystalline solid. 1H NMR (400 
MHz, CDCl3) δ 2.87 (s, 4H), 3.96 (s, 2H)
N-FBoc-N-(iodoacetyl)-1,3-propanediamine (1)
To a solution of 8 (0.036 mmol; 22 mg) in CH2Cl2 (6 ml) was added 11 (0.044 mmol; 12.4 mg) and the 
mixture was stirred overnight. Column chromatography (silica gel, 1% MeOH) yielded 1 (17 mg; 
60%) 1H NMR (400 MHz, CDCl3) δ 1.50 (s, 6H), 1.68 (quintet, 2H, J = 6.4, 6.8), 2.05 (m, 2H), 2.14-2.19 
(m, 2H), 3.21 (q, 2H, J = 6.4, 6.0), 3.34 (q, 2H, J = 6.4, 6.0), 4.99 (t, 1H, J = 6.0), 6.69 (br s, 1H) ESI-MS calc. 
for C19H21F17IN2O3 [M+H]+ 775.025, found 775.022
N-FBoc-N-(iodoacetyl)piperazine (2)
To a solution of 10 (0.2 mmol; 126 mg) in CH2Cl2 (50 ml) was added 11 (0.4 mmol; 113.2 mg). The 
mixture was stirred in the dark for one day. Flash chromatography (silica gel, 1% MeOH) yielded 2 
(156 mg; 99%) as a white crystalline solid. 1H NMR (400 MHz, CDCl3) δ 1.52 (s, 6H), 2.05-2.11 (m, 2H), 
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2.13-2.22 (m, 2H), 3.40-3.50 (br s, 4H), 3.51-3.60 (br s, 2H), 3.60-3.65 (br s, 2H), 3.78 (s, 2H) ESI-MS calc. 
for C20H21F17IN2O3 [M+H]+ 787.025, found 787.057

Synthesis of azide-reactive fluorous-affinity tag

4-(Cyclooct-2-ynylmethyl)benzoic acid (12)
The cyclooctyne carboxylic acid was synthesized as described by Agard et al.28. The protocol was 
adjusted for the workup of the cyclooctyne methyl ester, doubling the yield of this reaction step. 
Instead of using water, the reaction mixture was quenched with saturated NH4Cl, extracted with 
EtOAc and dried over MgSO4. After column chromatography (silica gel, 9:1 hexanes:EtOAc), the 
product was isolated as a colorless oil (50%).

2,5-dioxopyrrolidin-1-yl 4-(cyclooct-2-ynylmethyl)benzoate (13) 31

To a solution of cyclo-octyne benzoic acid 12 (0.50 mmol; 0.122 g) in DMF (10 ml) was added 
1-hydroxysuccinimide (0.56 mmol; 64.5 mg) and EDC (0.56 mmol; 107.4 mg). The mixture was stirred 
overnight. After addition of H2O (8 ml) the resulting mixture was extracted with diethylether (3x 20 
ml) and washed with brine (3x 20 ml) and dried over Na2SO4. Evaporation of the solvent under vacuo 
afforded 13 (184 mg; >100%) which was not further purified. 1H NMR (CDCl3, 400 MHz): δ 1.42 (m, 
2H), 1.56-1.66 (m, 2H), 1.72-2.01 (m, 4H), 2.01-2.17 (m, 1H), 2.20 (m, 2H), 2.71-2.80 (m, 2H), 2.90 (s, 2H), 
7.38 (d, 2H, J = 4.0), 8.08 (d, 2H, J = 4.0)
N-FBoc-N-(cyclooct-2-ynylmethyl)phenyl)piperazine (3)
To a solution of N-FBoc-piperazine 11 (0.35 mmol; 219 mg) in CH2Cl 2 (60 ml) was added 13 (0.50 mmol; 
169.7 mg). The mixture was stirred for 3 days. The solvent was removed on a rotary evaporator. 
Column chromatography (silica gel, 1% to 10% MeOH in CH2Cl2) yielded 3 (114 mg, 38%) as a white 
solid. 1H NMR (CDCl3, 400 MHz):  1.40-1.51 (m, 2H), 1.53 (s, 6H), 1.59-1.71 (m, 2H), 1.72-1.90 (m, 3H), 
1.90-1.99 (m, 1H), 2.01-2.24 (m, 6H), 2.66 (m, 1H), 2.76 (m, 2H), 3.46 (br s, 1H), 3.72 (br s, 1H), 7.29 (d, 
2H, J = 4.0), 7.35 (d, 2H, J = 4.0) ESI-MS calc. for C34H36F17N2O3 [M+H]+ 843.24, found 843.21

Preparation of peptide samples for enrichment

Peptides Ac-CTGGAKL (7 amino acids) and Ac-TRSQKEGLHYTCSS-NH2 (14 amino acids) were used 
as cysteine-containing model peptides. Peptide Pan016 with sequence PPHHHHHHPPRGFGXGFR 
(X= azidohomoalanine (azhal)) was used as ahzal-containing model peptide.
Bovine Serum Albumine (BSA (min 99%), Sigma Aldrich, St. Louis, USA) was digested overnight at 
37 °C by sequencing grade modified trypsin (Roche, Germany) using a substrate/enzyme ratio of 
20:1 (wt/wt) in 100 mM ammonium bicarbonate.
Photoactive Yellow Protein was produced as described in Back et al.32. Isolated protein was subjected 
to overnight digestion at 37 °C using a 1:25 (w/w) protease:protein ratio, with sequencing grade 
modified trypsin (Roche, Germany) in 100 mM tris(hydroxymethyl) aminomethane (Tris) buffer pH 
8.0. After digestion the peptide mixture was desalted on reversed phase C18 tips.

Labeling of peptides with fluorous tag

Cysteine-containing model peptides were incubated at concentrations of 50 to 130 μM with 25 
equivalents of either fluorous tag 1 or 2 in 40 mM ammonium bicarbonate 60% methanol for 1 to 2 
hours at room temperature in the dark. A tryptic digest of BSA was bound to a reversed phase C18 
pipette tip, reduced (on the tip) with 100 mM β-mercaptoethanol and washed with 100 mM ammonium 
bicarbonate. The reduced tryptic digest was eluted in 80% methanol and incubated with 25 equivalents 
of the fluorous tag for 1 to 2 hours at room temperature in the dark. Excess alkylating fluorous reagent 
was removed by incubation with 30-40 equivalents of N-2-mercaptoethylaminomethyl polystyrene 
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beads (Novabiochem, Darmstadt, Germany) for 1 day at room temperature in the dark.
Pan016 was incubated at a concentration of 60 μM with 25 equivalents of fluorous tag 3 in 100% 

acetonitrile for 48 hours at 40 ºC. A tryptic digest of PYP (0.5 nmol) was bound to a reversed phase 
C18 pipette tip and washed with 1% formic acid. The digest was eluted in 100% acetonitrile and 
incubated with 25 equivalents of fluorous tag for 48 hours at 40 ºC.

For mass spectrometric analysis, samples were dried in a vacuum centrifuge and subsequently 

reconstituted in 80% methanol.

Enrichment by fluorous solid phase extraction
For enrichment of fluorous tagged peptides on FluoroFlash® NuTips (Fluoroflash Media, 1-10 μl and 
10-202 μl, Fluorous Technologies Incorporated, Pennsylvania, USA), peptides were loaded in 40% 
methanol. After equilibration of the tip with 40% methanol, fluorous tagged peptides were loaded. 
The tip was washed with ~ 5 column volumes of 40% methanol, 2M NaCl and 40% methanol. Elution 
was performed with ~2 column volumes of pure methanol. 

For enrichment of fluorous tagged peptides on TopTips (1-10 μl, Glygen Corp) filled with ~2 mg 
of FluoroFlash® silica gel (Fluoroflash Media, Fluorous Technologies Incorporated, Pennsylvania, 
USA), peptides were loaded in 40% methanol. After equilibration with 40% methanol, fluorous 
tagged peptides were loaded. The tip was washed with ~50 column volumes of 40% methanol. Elution 
was performed with 50 column volumes of pure methanol and combined into LoBind tubes. After 
evaporation of the methanol in a vacuum centrifuge, samples were reconstituted in 80% methanol for 
mass spectrometric analysis.

Cleavage of linker of fluorous tag
Enriched fluorous labeled peptides were incubated in 95% TFA for 1 hour at room temperature. After 
drying in a vacuum centrifuge, samples were reconstituted in 0.1% TFA and desalted on reversed 
phase C18 tips.

Mass spectrometry
For reflectron MALDI-TOF, 0.5 μL sample was mixed with 0.5 μL of a 10 mg/mL α-hydroxy 
cinnaminic 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, U.K.) provided with a 2 GHz digitizer. For analysis by the CoolToolBox software 
program (see Data analysis) spectra were deconvoluted using the MaxEnt3 algorithm included in the 
Masslynx Proteinlynx software.

Data analysis
Identifications of labeled peptides (before and after enrichment) were made by analysis of the MS 
data using the CoolToolBox software program. This program is an upgrade of our VIRTUALMSLAB33 
software program and can calculate masses of modified peptides, generating a mass spectrometric 
reference database, which can be matched with the experimental mass spectrometric data. The 
reference databases before and after enrichment consisted of i) unmodified tryptic peptides that 
contain up to 4 “missed” cleavages at lysine (K) and argine (R), and ii) tryptic peptides modified by 
fluorous tag at C (+ 646.11 Da for 1 and + 658.11 Da for 2) or at X (+ 842.24 Da for 3). After removal 
of the fluorous tag by TFA treatment, the database was extended by iii) tryptic peptides modified by 
the remaining tag at C (+ 114.08 Da for 1 and + 126.08 Da for 2). MALDI-TOF data was matched with 
a mass accuracy of at least 60 ppm.
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Chapter 4

Selective enrichment of azide-containing 
peptides from complex mixtures*

Abstract

A general method is described to sequester peptides containing azides from 
complex peptide mixtures, aimed at facilitating mass spectrometric anal-

ysis to study different aspects of proteome dynamics. The enrichment method 
is based on covalent capture of azide-containing peptides by the azide-reactive 
cyclooctyne (ARCO) resin and is demonstrated for two different applications. 
Enrichment of peptides derived from cytochrome c treated with the azide-con-
taining cross-linker bis(succinimidyl)-3-azidomethyl glutarate (BAMG) shows 
several cross-link containing peptides. Sequestration of peptides derived from 
an Escherichia coli proteome, pulse labeled with the bio-orthogonal amino acid 
azidohomoalanine as substitute for methionine, allows identification of numer-
ous newly synthesized proteins. Furthermore, the method is found to be very 
specific, as after enrichment over 87% of all peptides contain (modified) azido-
homoalanine.

* This chapter has been published: Merel A. Nessen, Gertjan Kramer, JaapWillem Back, Jeremy M. 
Baskin, Linde E. J. Smeenk, Leo J. de Koning, Jan H. van Maarseveen, Luitzen de Jong, Carolyn R. 
Bertozzi, Henk Hiemstra, Chris G. de Koster, J. Proteome Res. 2009, 8, 3702-3711



Chapter 4

68

Introduction

Profound understanding of cellular behavior requires knowledge about 
cellular proteome dynamics. Information on changes in protein synthesis rates, 
posttranslational modifications and protein-protein interactions on a proteome-
wide scale upon environmental changes will reveal regulatory circuits underlying 
cellular adaptation. In this chapter, the method found to be most successful for 
targeted peptide isolation based on azide-chemistry, as described in Chapter 2, 
is investigated in great detail and applied to study different aspects of cellular 
proteome dynamics.

Many proteomic studies are focused on identification and quantification of as 
many proteins as possible. The combination of two dimensional gel electrophoresis1  
or, more recently, two (or three) dimensional liquid chromatographic methods2-4  
with mass spectrometry has led to the identification and quantification of up 
to hundreds of proteins for Escherichia coli5, 6 . Isolated proteins or proteomes 
are subjected to digestion and subsequent mass spectrometric analysis allows 
identification and quantification of the proteins. However, the enormous 
complexity of peptide mixtures from complete proteomes implies that even with 
the most advanced fractionation methods and mass spectrometric equipment, 
identification and quantitation is often based on only a few or even single unique 
peptides. In studies in which the interest lays in a subset of peptides, such as in 
phosphoproteomics7, 8 , this might hamper identification of peptides of interest. 
For the sequestration of (bio)molecules a functionality is needed that can be 
used to selectively modify the molecules of interest. The unique properties of the 
azide make it a well suited chemical group for this purpose. The azide is inert 
towards the biological system, though it does provide a chemical handle that 
can be used for selective modification, using reactions such as the Staudinger 
ligation9-12 , Cu (I)-catalyzed (3+2)-cycloaddition 13, 14  and the strain-promoted 
(3+2) cycloaddition15-18 . Several studies have shown the applicability of azides 
in biological systems9, 12, 13, 15-23 ; to visualize glycan trafficking in the cell, azide-
reactive fluorophores can be used17, 21  and global de novo protein synthesis has 
been monitored by using azide-containing amino acids20, 24, 25 . 

Studying the different aspects of proteome dynamics by mass spectrometry 
requires selective analysis of subsets of peptides, which are post-translationally 
modified, cross-linked or newly synthesized. Peptides derived from these groups 
have in common that they are usually rare and, therefore, have a high chance 
to escape detection in a background of more abundant (unmodified) peptides. 
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Selective enrichment of rare (azide-containing) peptides from complex mixtures 
will aid in their identification and thereby facilitate obtaining information on 
proteome dynamics. 

The use of azide-containing glycans26 , lipids27 or azide-containing reactive 
reagents directed towards posttranslational modifications in combination with 
a sequestration method for azides will allow the mapping of posttranslational 
modification sites. Protein cross-linking can provide information on spatial 
distance constraints to reveal protein-protein interactions and to enable 
validation of 3-D structure models. The mapping of linked amino acids will be 
tremendously facilitated by sequestration of the rare and low abundant cross-
linked peptides in protein digests, using azide-containing cross-linkers, such 

Figure 1, Overview of protocol and reagents for enrichment of azide-containing peptides. To label newly 

synthesized proteins, methionine auxotrophic E. coli K12 cells are grown on a medium where methionine 

has been replaced by azidohomoalanine, incorporating this non-canonical amino acid into proteins. To obtain 

spatial distance information, proteins are cross-linked with bis(succinimidyl)-3-azidomethyl glutarate (BAMG). 

After isolation or cross-linking, proteins are digested and the obtained peptide mixture is incubated with the 

ARCO-resin. After cleavage from the resin, enriched peptides are analysed by LC-MS/MS. a, Workflow of the 

enrichment method. b, Azidohomoalanine (azhal) is a methionine analogue, containing an azide group instead 

of a thiomethoxy group. c, Structure of the azide-containing cross-linker BAMG. d, ARCO-resin, consists of 

a poly-dimethylacrylamide solid support, a disulfide as cleavable linker and a cyclooctyne as reactive group 

towards azides. Via the strain-promoted (3+2) cycloaddition azide-containing peptides are captured on the 

resin. e, Product after enrichment, peptides are modified with the cyclooctyne and linker, adding 358.2 Da in 

mass.
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as the recently described bis(succinimidyl)-3-azidomethyl glutarate (BAMG; 
Figure 1c)28, 29. Furthermore, for identification of newly synthesized proteins 
pulse-chase experiments can be performed, using the methionine-analogue 
azidohomoalanine (azhal; Figure 1b)20, 24, 25. 

Here we present a solid phase purification method that highly enriches azide-
containing peptides from complex peptide mixtures. In Figure 1a, the workflow 
of the method is given. The enrichment method makes use of the azide-reactive 
cyclooctyne resin (ARCO-resin) depicted in Figure 1d. Azide-containing peptides 
are captured on the resin via the strain-promoted (3+2) cycloaddition as has 
been described by Agard et al.15. This click-reaction of azides and cyclooctynes 
is very selective and can be carried out both under physiological conditions 
and in presence of different organic solvents. The covalent capturing enables 
stringent washing conditions to reduce nonspecific binding. A linker that can 
be cleaved upon reduction is included to release captured azide-peptides from 
the resin allowing further purification and analysis. Mass spectrometric analysis 
of the enriched samples reveals the identity of the sequestered peptides. We 
demonstrate this enrichment method to work for azide-containing peptides from 
different origin, including azhal-containing peptides from an azhal-labeled E. coli 
proteome, allowing identification of up to 90 (newly synthesized) proteins.

Results and Discussion

Choice of materials

One of the most important prerequisites developing a sequestration method for 
(bio)molecules is selectivity. To achieve this, the (immobilized) chemical reagent 
to be used for binding to the desired functional group should be specific, leaving 
other functionalities unaffected. In addition, the solid support being used should 
have as little nonspecific binding as possible. Furthermore, leaching of monomers 
or other impurities from the matrix of the solid support should be negligible, this 
becomes particularly important at low analyte concentrations. In Chapter 2, the 
development of the enrichment method has been described into great detail, of 
which part of the results is summarized below and in the next sections. 

For azides several selective reactions have been described, of which in our 
hands the strain promoted cycloaddition with cyclooctyne was found to be the 
most effective. The click-reaction using terminal alkynes and Cu (I) has been tested 
as well, but these conditions may cause Cu (I)-induced oxidation of peptides, 
which might hamper identification (see Figure 1 in Chapter 2). In contrast, the 
cyclooctyne reagents give a clean and selective reaction with azides in peptides 



Azide-reactive cyclooctyne (ARCO) resin 

71

and it was therefore chosen as reactive group for our purification method. 
In our application controlled pore glass (CPG) and poly ethylene glycol 

(PEG) beads were found not to be suitable, showing either nonspecific binding 
of peptides or release of PEG molecules upon use. On the other hand, poly-
dimethylacrylamide (PL-DMA), a hydrophilic resin, swells well in polar solvents, 
shows very little nonspecific binding and leaching, making it a good choice as a 
solid support. 

To release sequestered peptides from the solid support, a disulfide-type 
cleavable linker was included. Cleavage of the S-S bond can be induced under 
mild conditions and is very efficient. Subsequent alkylation of the released 
peptides prevents any possible (re)oxidation with free thiol groups (from other 
released peptides) in solution. In Figure 1d the resin is depicted, consisting of PL-
DMA loaded with a disulfide cleavable linker and a cyclooctyne reactive group 
for capturing azide-containing peptides on the resin by the strain-promoted 
1,3-dipolar cycloaddition.

Synthesis of the ARCO-resin

Synthesis of the ARCO-resin started from the commercially available poly-
dimethylacrylamide (PL-DMA) resin. The cleavable S-S bond linker was 
introduced by reaction of cystamine with the methyl ester on the PL-DMA 
resin, yielding an amide bond. Coupling of the cyclooctyne to the amine of the 
linker was accomplished by activation of the acid moiety using the uronium/
guanidinium type peptide coupling reagent HATU30, obtaining the ARCO-resin 
(Figure 1d). 

The ARCO-resin (yellowish gel-like beads) swells very well in a one-to-one 
mixture of water and acetonitrile. The amount of reactive groups was determined 
after reaction of the beads with Fmoc-azhal followed by cleavage of the Fmoc-
group by a base to liberate the fluorenyl group which absorbs at 300 nm. An 
excess of Fmoc-azhal in DMF was incubated with the beads for 24 hours at room 
temperature. After washing and drying of the beads, the loading was determined 
to be 0.27 mmol/g, corresponding to a yield of 30% over three steps.

To determine the loading under the reaction conditions for azide-containing 
peptide enrichment the reaction was carried out in 50% acetonitrile 50% 50 
mM potassium phosphate buffer pH 7.5 at room temperature and 40 °C (see 
Enrichment of a model peptide). This gave similar loading values (0.25 mmol/g) 
as performing the reaction in DMF, showing the reaction to be efficient in both 
DMF and a combination of acetonitrile and phosphate buffer. Incubation at 
higher temperatures shows no increase in loading, so we assume the reaction to 
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be complete at room temperature when performed with an excess of Fmoc-azhal. 
Efficiency of the reductive cleavage of the S-S bond of the linker was determined 
using beads which were reacted with Fmoc-azhal. Incubation with different 
reducing agents at different concentrations and incubation times showed the 
reduction to be most effective using 5 mM TCEP for 1 hour at room temperature 
at pH 7.5, by which >90% of all Fmoc-azhal groups were cleaved from the resin. 

Capture of a model peptide

To test the capture of azide-containing peptides on the resin, a model octadeca 
peptide (Pan016) containing one azhal residue was captured and released as 
described in Material and methods and depicted in Figure 1d. Upon cycloaddition, 
a triazole is formed and peptides are captured on the resin via their azide moiety. 
Reductive cleavage of the disulfide bond liberates a thiol which is alkylated by 
iodoacetamide. The mass of the released peptide obtained will increase with 
the mass of the cyclooctyne, linker and alkylating reagent used, resulting in an 
addition of 358.2 Da (see Figure 1e and 2).

Pan016 was captured from a solution of 50% acetonitrile and 50% 50 mM 
potassium phosphate buffer pH 7.5. The PL-DMA beads were found to be 
handled best in 50% acetonitrile and furthermore the addition of acetonitrile 
reduces possible hydrophobic interactions of the peptides. To optimize the 
capture conditions further, the model peptide was captured at room temperature 
and 40 °C for 24, 48 and 72 hours.

d   Acet-PPHHHHHHPPRGFGXGFRa

b

c

♦
**

Figure 2, Enrichment of a single model peptide shows the selective reaction and release of the peptide with 

the ARCO-resin. A model peptide containing a single azhal residue was incubated for 24 hours at 40 °C with 

the ARCO-resin. a, Peptide before addition to the ARCO-resin. b, Flow through (ft) after 24h incubation at 40 

°C c, Enriched peptide (ep). d, Sequence of model peptide used to test and optimize the enrichment method. 

X: azhal. N-terminus is acetylated. ♦: loss of N2 and uptake of 2 H. *: salt adducts.
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Capture and release of the model peptide yields one single product after 
cleavage, with the expected modification, as is shown in Figure 2c. In the depicted 
MALDI-TOF spectra, a shift in mass can be observed after capture and release 
of the peptide, corresponding to the mass of the linker, 358.2 Da. In addition, 
the typical N2-loss and subsequent 1 or 2 proton uptake observed for azide-
containing peptides, is not observed any more after modification (see Figure 2)28. 
Fragmentation of the product shows as well that the azidohomoalanine residue 
has been modified (data not shown). This shows the reaction to be effective and 
specific and allows further exploration of the method. 

Optimization and kinetics of capture/release of a model peptide

Quantification of the capture and release of the model peptide was done mass 
spectrometrically, using isotopically labeled Pan016 as an internal standard. For 
these experiments, Pan016 was labeled by treatment with D6-acetic anhydride 
providing Ac(D3)-Pan016. The reference peptide was mixed in a 1:3 ratio with 
i) the flow-through, ii) the sequestered Ac(H3)-Pan016 and as a control with iii) 
Ac(H3)-Pan016. In Figure 3 an overview of the quantification for the different 
coupling experiments tested is given. It shows that at room temperature the 
reaction proceeds well but relatively slowly. After 24 hours, most of the peptide 
is still detected in the flow-through, and after 72 hours of incubation around 

Room temperature
Flow Through Enriched product

24h

48h

72h

H3

D3

H3
D3

40 oC

H3

D3 H3

D3

ba
Flow Through Enriched product

24h

48h

72h

Control

H3 D3

c

1:1

1:4

4:1

Figure 3, Quantification of enrichment of a model peptide at room temperature and 40 °C for different 

incubation times. MALDI-TOF spectra of quantification experiments. a, Enrichment experiment at room 

temperature. b, Enrichment experiment at 40 °C. c, Control. H3: Ac(H3)-Pan016, flow through/enriched peptide. 

D3: Ac(D3)-Pan016, reference peptide.
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40% of the model peptide is captured. Rising the incubation temperature to 40 
°C significantly increases the rate of the reaction (Figure 3b) and after 24 hours 
practically all peptide was captured. The yield of the enrichment at 40 °C is near 
50% and doesn’t increase after prolonged incubation. 

Enrichment of azhal-containing peptides derived from a single protein

To show the efficiency of the enrichment of azide-containing peptides from more 
complex peptide mixtures, a digest of an azide-containing single protein, the 
photoactive yellow protein (PYP), was incubated with the ARCO-resin for 24h 
at 40 °C. PYP contains six methionine residues, evenly distributed in the protein, 
and provides after tryptic digestion differently sized peptides, with and without 
methionine residues. 

Mass spectrometric analysis shows an enormous enrichment of the azhal 
peptides as is depicted in Figure 4. Before capturing, 11 out of the 22 peptides 
(50%) detected contain an azhal residue. After capture/release this amount is 
increased to 18 out of 19, an enrichment of 95 %. With MALDI-TOF even the 
N-terminal peptide consisting of only two amino acids (MR), which could not 
detected before is observed. As is shown in Figure 4, four out of the six azhal 
residues are detected before enriching the sample. After the purification all six 
azhal residues are retrieved, modified with the cyclooctyne and the linker. Thus, 
apart from an increase in the number of peptides found to contain (modified) 
azhal, the enrichment allows us to detect all azhal-residues as well.

Before enrichment

 10  20 30  40 50
X R G S H H H H H H G S D D D D K X E H V A F G S E D I E N T L A K X D D G Q L D G L A F G A I Q L

60 70 80  90 100
D G D G N I L Q Y N A A E G D I T G R D P K Q V I G K N F F K D V A P C T D S P E F Y G K F K E G V

 110  120  130 140
A S G N L N T X F E Y T F D Y Q X T P T K V K V H X K K A L S G D S Y W V F V K R V

After enrichment

 10  20 30  40 50
X R G S H H H H H H G S D D D D K X E H V A F G S E D I E N T L A K X D D G Q L D G L A F G A I Q L

60 70 80  90 100
D G D G N I L Q Y N A A E G D I T G R D P K Q V I G K N F F K D V A P C T D S P E F Y G K F K E G V

 110  120  130 140
A S G N L N T X F E Y T F D Y Q X T P T K V K V H X K K A L S G D S Y W V F V K R V

peptides without azhal residue peptide with 2 (modified) azhal residues cysteine residue alkylated

peptides with (modified) azhal residue cysteine residue with and without chromophore

Figure 4, Sequence coverage of labeled Photoactive Yellow Protein (AzPYP) before and after enrichment. In 

this figure the peptides identified by both MALDI-TOF and LC-Q-TOF-MS/MS are depicted in the sequence of 

PYP, a protein consisting of 142 amino acids. It contains six methionine residues, which have been replaced by 

azhal (X, marked in figure by ▼). The cysteine residue has been marked by ■.
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The only non-azhal peptide identified in the enriched peptide mixture contains 
the cysteine residue, normally conjugated to the chromophore. Before enrichment 
this peptide is detected with and without chromophore (no alkylation was carried 
out for tryptic digestion). After sequestration this peptide was observed only 
with an alkylated cysteine residue, suggesting that disulfide exchange occurred, 
selectively capturing thiol containing species. This shows the need to alkylate all 
(free) thiols before incubation with the resin, to prevent covalent binding to the 
resin via a disulfide exchange reaction.

Enrichment of azide-containing peptides from in vitro BAMG-cross-linked 
cytochrome c
Apart from peptides with azide-containing amino acids, our purification method 
is applicable to sequester peptides modified via chemical cross-linking, using 
cross-linkers containing an azide in the spacer such as BAMG (see Figure 1c). 
This amine-reactive bis(succinimidyl) ester is used to covalently link primary 
amines in a protein or protein complex, which are found in the lysine residues 
and the N-terminus. From the linked amines, distances can be inferred restricted 
by the length of the spacer of the cross-linker. Hereby models of proteins can 
be validated and refined and interaction sites of protein complexes can be 
determined31-33. 

Two major limitations hamper mass spectrometric cross-link analysis of large 
proteins or mixtures of proteins. The first is the exponential increase of entries 
in calculated databases of cross-linked peptides with an increase in protein 
complexity 28, 34-36. This can easily give rise to unmanageable large numbers of 
candidate cross-linked species corresponding to a given measured mass. The 
second major limitation is the low abundance of cross-linked peptides, leading 
to weak mass signals hampering identification by MS/MS. 

The azide-group in BAMG renders cross-linked peptides scissile in a way that, 
for a given measured mass, only one candidate for a cross-link can be derived 
from the database, thereby circumventing the first limitation28, 29. Sequestering 
BAMG-linked peptides on the ARCO resin in a parallel approach is expected to 
meet the second limitation of cross-link analysis, which in the future will allow 
analysis of protein complexes.

In this study cytochrome c was cross-linked in vitro by BAMG as a model 
system. After tryptic digestion of the cross-linked protein, MALDI-TOF spectra 
were recorded and subsequently analyzed using CoolToolBox (VMSL). A mixture 
of unmodified and several (putative) BAMG-containing peptides is observed in 
the spectrum before enrichment (Figure 5a). Mass spectrometric analysis of the 
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enriched cross-linked peptide mixture shows, apart from a single unmodified 
peptide, only cross-linker-containing peptides with the expected modification 
(Figure 5b). 

Different types of cross-link containing peptides are expected: i) loop-links or 
type 1 cross-links, a cross-link within one peptide ii) cross-links or type 2 cross-
links, a cross-link between two different peptides and iii) mono-links or type 3 
cross-links, modification of peptides by a partially hydrolyzed cross-linker37, 38. 
Of these, the first two give structural information on distances and can be used to 
refine models. The last type of cross-link gives information on the accessibility of 
the protein; only lysines available on the surface can be modified.

Before enrichment of the cross-linked cytochrome c digest, two cross-links, 
six loop-links and two mono-links were observed in the MALDI-TOF spectrum. 
Out of these ten cross-link containing peptides, five can be found again in the 
spectrum after enrichment. In total, 13 cross-link containing peptides were 
assigned in the MALDI-TOF spectrum of the peptide mixture after enrichment. 
These comprise two cross-linked peptides, which have not been observed before, 
eight loop-links and three mono-links. 

The only non-BAMG containing peptide observed is the heme-containing 
peptide present in cytochrome c. Because of the hydrophobic character of the 
porphyrin ring an interaction of the heme with the cyclooctyne on the ARCO-
resin is likely to occur. Only after reductive cleavage of the S-S linker, this heme-
peptide together with the cyclooctyne is released from the resin.
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Figure 5, Enrichment of cross-linked peptides from cytochrome c cross-linked with BAMG. MALDI-TOF 

spectra of the tryptic digest of cytochrome c cross-linked with BAMG a, before and b, after enrichment. ◊: 

Unmodified peptide. ▲: Cross-link containing peptide. ■: Cross-link containing peptide observed before and 

after enrichment.
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The selective purification of several BAMG-containing peptides shows the 
applicability of the method to azide-containing biomolecules other than azhal-
containing peptides. Combination of the sequestration with (2D)LC-MS/MS 
might reveal many more cross-links and more complex protein systems can be 
subjected to this enrichment method, thereby elucidating interaction partners 
and binding sites.

Enrichment of azhal-containing peptides derived from an in vivo labeled 
Escherichia coli proteome

We next demonstrate selective sequestering from complex peptide mixtures of 
azhal-containing peptides obtained after in vivo labeling of proteins synthesized 
by E. coli. For these experiments, E. coli was grown with azhal for two hours as 
described in Material and methods. The obtained enriched peptide mixture was 
subsequently analyzed by LC-MS/MS. 

First analyses showed that singly charged ions with m/z 359.18, 717.35 and 
1075.52, dominated the spectra in LC-MS/MS. These signals emerged from 
the unreacted cyclooctyne moiety in single form (m/z 359.18), and as a dimer 
[2M+H]+ (m/z 717.35) or a trimer [3M+H]+ (m/z 1075.52). Apart from obscuring 
detection, the unreacted cyclooctyne reduced the performance of the C18 column 
enormously. 

Removal of the unreacted cyclooctyne, which is uncharged at low pH, was 
accomplished by inclusion of a strong cation-exchange (SCX) chromatographic 
step in the protocol. For the reversed phase LC experiments it was observed 
that the enriched peptide mixtures show a delay in elution and elute within a 
relatively short time using standard gradients. The modification of the peptides 
by the cyclooctyne and the linker makes the peptides more hydrophobic and 
chromatographic behavior is dominated by the cyclooctyne group. Changing the 
gradient from linear to a combination of a linear and a step-gradient (see Materials 
and methods for details) improved the mass spectrometric analysis enormously; 
many more ions were selected for fragmentation and the number of peptides 
identified by Mascot is increased as well.

Yield of enrichment of E. coli derived azide-containing peptides
Based on UV absorption of SCX separation after the purification, roughly 8 μg of 
peptides was recovered from the azhal-labeled E. coli proteome after enrichment. 
To estimate the yield corresponding to this amount we take into account that 
before enrichment 17.1% of the unique peptides contain methionine, while 6.9% 
contain azhal (see Table 1). From this observation a maximum of 27.6 μg of 
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enriched azhal peptides was expected, given that the experiment used 400 μg 
of azhal-labeled proteome. Below we show that 87.6% of the (8 μg) recovered 
material consists of azhal-containing peptides. This results in a yield of the 
enrichment for this experiment of 25.3%, which is half of the percentage found 
for the quantification experiments described earlier. In connection to this, it 
should be noted that peptides after modification may suffer from poor solubility 
in aqueous media. High acetonitrile concentrations were needed to elute the 
enriched peptide mixtures from the reversed phase column, already suggesting 
the hydrophobic character. In addition, it is known that the biotin-cyclooctyne 
conjugate has a poor solubility in water16. To overcome possible solubility 
problems the azacyclooctyne recently reported by Sletten and Bertozzi might be 
used instead39, as it has a more hydrophilic character. Additionally, it possesses a 
slightly higher reactivity compared to the cyclooctyne used here.

Fragmentation behavior of enriched azide-containing peptides
Fragmentation of the peptide backbone is not affected by the tag on the azhal 
residue and Mascot analysis is not hampered. Modified azhal-containing peptides 
give regular MS/MS spectra, from which sequence information can readily be 
derived. In Figure 6, a typical fragmentation spectrum of a peptide enriched from 
a labeled E. coli proteome is shown. All characteristic y’’-type ions can be assigned 
as indicated in the spectrum. In addition, fragmentation of modified peptides 
yields elimination of the linker including the triazole. Both the remaining mother 
ion and a reporter ion at m/z 402.2 can be observed. Also the y’’-type ion series 
of the peptide that lack the triazole can be observed in the spectrum. Further 
fragmentation of the reporter ion gives rise to cleavage of the amide bond, leaving 
a benzoylium ion at m/z 268.1. These observations open possibilities to use the 
reporter ion(s) in identification of peptides. However, in order to be able to use 
these ions, the frequency and mechanism of this fragmentation reaction should 
be studied in more detail. 

number of identified unique peptidesa number of identified proteins

methionine & ahzal azhal methionine & azhal azhal

total % % total % %

Before 809 195 24.1 56 6.9 290 109 52.2 43 14.8

After 145 n.a. n.a. 127 87.6 98 n.a. n.a. 89 90.8

a Methionine- and azhal-containing peptides with the same primary sequence are counted separately

Table 1, Number of unique (methionine- and azhal-containing) peptides and proteins identified before and 

after enrichment of an azhal-labeled E. coli proteome
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For protein identification using Mascot, peptide scores will be influenced 
by this cleavage of the linker; less peaks can be assigned in the fragmentation 
spectra. This can be found back in the data presented here as well; somewhat less 
fragmentation spectra can be assigned to peptides after enrichment, compared 
to before enrichment. Before enrichment, 55% of all queries can be assigned; 
after enrichment, 40% is assigned. However, the enormous enrichment achieved 
makes up for this difference.

Efficiency of enrichment of E. coli derived azide-containing peptides
Before mass spectrometric analysis of the peptide mixtures, digests were 
separated by SCX. In total 30 fractions were collected for peptide mixtures before 
and after enrichment. For the peptide mixture after enrichment, 17 sequential 
fractions showed absorbance at 214 nm. The first three fractions collected 
were left out of the subsequent analysis, as they contained predominantly the 
unreacted cyclooctyne, which bound strongly to the reversed phase column. The 
remaining 14 collected fractions were split into two and run with either a linear 
(up to 50% acetonitrile) or a step-gradient (up to 95% acetonitrile) on a LC-Q-TOF 
and fragmentation spectra were recorded. The data of the runs was combined for 
each gradient separately and analyzed using Mascot. 

For the peptide digest before enrichment, 14 SCX fractions analogous to the 
ones of the enriched peptide mixture were run with a linear gradient (up to 
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Figure 6, Fragmentation spectrum shows the fragmentation behavior of modified peptide after sequestration. 

a, Fragmentation spectrum of a peptide belonging to 5, 10-methylenentetrahydrofolate reductase enriched 

from a labeled E.coli proteome is shown. FADX(mod)TNVR at m/z 1306.44. b, Overview of observed and 

assigned fragments in peptide sequence. y*: loss of the cyclooctyne with the linker. ▲: cyclooctyne with linker 

with m/z 402.2. ▼: further fragmentation of the cyclooctyne gives rise to a benzoylium ion with 268.1 Da.
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50% acetonitrile) and after combining all data, the fragmentation spectra were 
analyzed using Mascot. The analysis of the SCX fractions of the proteome before 
enrichment yielded 290 proteins, of which 43 could be identified by azhal-
containing peptides, corresponding to 14.8% of all proteins (see Table 1). As 
discussed above, SCX fractions of the captured and released peptide mixture 
contained less material, which is reflected in the number of proteins identified. 
With the linear standard gradient in total 59 proteins were found of which 58 
solely by azhal-containing peptides, the step-gradient yielded 87 and 78 proteins 
respectively. Combining the results of the two runs gives a total number of 89 
identified proteins solely by the (modified) azhal peptides, which is 90.8% of all 
proteins found by Mascot (see Table 1). 

To determine the efficiency of the enrichment on the peptide level unique 
peptides identified by Mascot were listed before and after sequestration. Before 
purification, out of the 809 unique peptides used for identification, only 56 
contain azhal, corresponding to an occurrence of 6.9%. After enrichment, with the 
two gradient runs combined, a total of 145 unique peptides can be identified by 
Mascot analysis (Table 1), of which 127 peptides contain modified azhal. This is 
an enrichment of 87.6% on the peptide level, which is an enormous improvement. 

To summarize, our selective capture/release and LC-MS/MS analysis of an 
azide-labeled E. coli proteome shows an enrichment of >87% of azide-containing 
species on both the peptide and protein level. For comparison, before enrichment 
only 14.8% of all proteins are identified by azhal peptides and of all peptides not 
more than 6.9% contain azhal. This shows the power of this solid phase purification 
method and the applicability to selectively enrich rare azide-containing peptides.

Comparison with other sequestration methods

Other purification methods for azide-containing peptides being described, 
include a method described by Dieterich et al., denoted as Bioorthogonal 
noncanonical amino acid tagging (BONCAT)20. In this approach azhal is used for 
identification of newly synthesized proteins in mammalian cells, in combination 
with deuterated leucine. Purification of labeled proteins is accomplished by 
conjugation of biotin to azhal-containing proteins via the Cu (I) catalyzed cyclo-
addition, after which the tagged proteins are sequestered on a Neutravidin 
affinity resin. On resin digestion yields a peptide mixture in which both 
deuterated leucine and azhal-containing peptides represent newly synthesized 
proteins, resulting in more peptides per protein to be used for identification and 
quantification compared to the use of a single (labeled) amino acid. However, 
the method is elaborate and contains several critical steps as indicated by the 
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authors24. Our method comprises only a few non-critical steps and the solid 
phase enrichment by covalent attachment allows stringent washing, minimizing 
nonspecific binding.

A second purification method for azide-containing peptides, recently published 
by our group, makes use of combined fractional diagonal chromatography 
(COFRADIC) in combination with an azide-specific cleavage reaction25, 28, 40. In 
this way over 500 newly synthesized proteins in E. coli could be identified in a 15 
minute labeling time frame. However, the diagonal chromatographic approach 
is laborious and has a low specificity; less than 60% of the identified peptides 
using Mascot contain an azhal-residue. In contrast, the method described here 
increases the content of azhal-containing peptides to 87%.  

Other solid phase enrichment methods for peptides described in literature 
that make use of covalent binding are limited in number. One example is the 
solid-phase isotope tagging method described by Zhou et al.41, directed towards 
cysteinyl peptides. A thiol reactive group is attached via a photocleavable linker to 
glass beads and an ICAT-based isotope tag has been included for quantification. 
Galactose-induced changes in protein abundance in yeast were studied and with 
this enrichment method almost exclusively cysteinyl peptides were recovered, 
allowing identification and quantification of 82 proteins. A second example is the 
recently described method by Foettinger et al. 42, in which tryptophan containing 
peptides are captured on hydrazine beads. With this strategy on average 25 
proteins could be identified by tryptophan-containing peptides in a single run 
and an enrichment of 86% is achieved. This is comparable to our method, in 
which 87% of all peptides identified contain (modified) azhal. 

Future perspectives

In addition to the azide-containing biomolecules described in this paper, the 
method can be applied to other (bio)molecules as well. As mentioned in the 
introduction, glycans and lipids labeled with azides have been used as metabolic 
labels in bioorthogonal chemical reporter strategies. But apart from visualization, 
the azide can be used as well to profile posttranslational modifications on the 
proteome level. For example, the use of the azido analogues of glycans will 
allow selective enrichment of glycosylated peptides and thereby mapping of 
the glycoproteome. Other posttranslational modifications can be mapped as 
well, using azide-containing reagents directed towards modifications such as 
phosphorylation. 
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Conclusion

In conclusion, an enrichment method has been developed that allows selective 
enrichment for azide-containing peptides from complex peptide mixtures. The 
use of azhal makes the method suitable to determine protein synthesis rates. In 
addition, we have shown sequestration of peptides modified by a bifunctional 
cross-linker with an azide-conjugated spacer, showing the wide applicability of 
the method. This makes it possible to address questions on the different aspects 
of proteome dynamics as described in the introduction. Furthermore, apart 
from enriching for azide-containing peptides, the observation of reporter ions 
during fragmentation after enrichment by the ARCO-resin gives opportunities 
for advanced searches as well. Analysis of complex peptides mixtures after 
enrichment may benefit from improved solubility in aqueous media when using 
a more hydrophilic cycloctyne as reactive group on the resin to sequester azide-
containing peptides.

Future challenges will be the application of the method to study changes in 
protein synthesis by growing E. coli under different conditions, to determine 
protein synthesis rates by pulse-labeling experiments with azhal. Furthermore, 
this method will be used for other azide-containing species; peptides modified 
with the azide-containing cross-linker BAMG have been successfully captured to 
and released from the ARCO-resin, opening possibilities to map protein-protein 
interactions in more complex protein systems.
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Materials and Methods

Synthesis of L-azhal
L-azhal was synthesized from L-Boc-2,4-diaminobutyric acid (Chem-Impex, Wood Dale, USA) by a 
diazotransfer, using triflic azide, as previously described43.

Synthesis of cyclooctyne probe
The cyclooctyne carboxylic acid was synthesized as described by Agard et al.16. The protocol was 
adjusted for the workup of the cyclooctyne methyl ester, doubling the yield of this reaction step. 
Instead of using water, the reaction mixture was quenched with saturated NH4Cl, extracted with 
EtOAc and dried over MgSO4. After column chromatography (silica gel, 9:1 hexanes:EtOAc), the 
product was isolated as a colorless oil (50%).

Synthesis of the azide reactive cyclooctyne (ARCO)-resin
250 mg of PL-DMA resin 44 (1.0 mmol/g 55-250µm (Polymer Laboratories, Shropshire, United 
Kingdom) was washed with 10 mL DMF, 10 mL CH2Cl2 and 10 mL DMF for 15 minutes each, 
prior use. The resin was incubated for three days with 15 mL of a 1 M cystamine solution (1 eq 
cystamine·2HCl, 2.5 eq DBU in DMF) in a reaction vessel at 30 °C under nitrogen. Positive coupling 
of cystamine to the PL-DMA beads was determined by bromo-phenol blue 45. After removal of the 
cystamine, the resin was washed by 10 mL DMF, 10 mL CH2Cl 2, 10 mL DMF and 10 mL CH2Cl 2 for 
15 minutes respectively. The linker derivatized resin (1.2 eq) was then incubated with a solution 
of HATU (O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate) (1 eq), 
cyclooctyne carboxylic acid (1 eq) and diisopropyl-ethyl-amine (DIPEA) (2 eq) in dry DMF for 3 hours 
at room temperature. After a negative bromo-phenol blue test, the resin was washed as described 
above and dried under nitrogen. This yielded the ARCO-resin with a cyclooctyne loading of 0.25 
mmol/g (see Supporting Information I for experimental details).

Optimization of enrichment procedure
Acetylated peptide (Ac-H3) was incubated with the ARCO-resin as described below for 24, 48 and 
72 hours at room temperature and 40 °C, under constant mixing. More details on the preparation of 
acetylated peptide and the enrichment can be found in Supporting Information I. For quantification 
D3-acetylated model peptide and the H3-acetylated peptide (before addition) were mixed in 1:1, 1:4 
and 4:1 ratios. The flow-through and enriched product were mixed in a ratio of 3:1 (H3:D3) with the 
D3-acetylated peptide, assuming either nothing had reacted (ft) or all had been captured and released 
(ep). Mixed samples were diluted to < 5% acetonitrile with 0.1% TFA and desalted immediately, using 
2 μg capacity C18 tips (Omix, Varian Inc., Lake Forest, Canada). The desalted peptides were dried in a 
vacuum centrifuge and subsequently resuspended in 100 mM NH4HCO3 for overnight digestion with 
trypsin (sequencing grade, Roche, Mannheim, Germany) at 37 °C using a 1:25 (w/w) protease:protein 
ratio. The digested peptide mixture was then dried in a vacuum centrifuge, resuspended in 0.1% TFA 
and spotted for MALDI-TOF analysis.

Preparation of peptide samples for enrichment
Photoactive Yellow Protein was produced as described in Back et al.40. Isolated protein was subjected 
to overnight digestion at 37 °C using a 1:50 (w/w) protease:protein ratio, with TPCK treated trypsin 
(Sigma-Aldrich, St. Louis, USA) in 50 mM potassium phosphate buffer pH 7.5. After digestion the 
peptide mixture was used for capturing experiments without any purification. A tryptic digest of 
BAMG-cross-linked cytochrome c was prepared as described by Kasper et al.28. A tryptic digest of 
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an azhal labeled E. coli proteome was prepared as described by Kramer et al.25. Deviations from this 
protocol are described below. After washing, cells were transferred to M9 minimal medium in which 
methionine was replaced by 400 mg/L azhal and cells were grown for 2 hours in a shake flask at 37 
°C. After tryptic digestion,  reducing and alkylating reagents were removed with C18 tips, eluting in 
75% acetonitrile.

Enrichment procedure
Digests (AzPYP, 50 μg (~3 nmol), 75 μL; cross-linked cytochrome c, 20 μg (~1.6 nmol), 60 μL; E. coli 
proteome, 400 μg, 150 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 (AzPYP & 
cross-linked cytochrome c) or ~5 mg resin (E. coli proteome) at 40 °C for 24 hours, 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. 

Strong cation exchange (SCX) chromatography
For the labeled E. coli proteome sample 100 μg of protein digest was loaded, for the enriched peptide 
mixture all recovered material was loaded. Peptide mixtures were separated on a PolySULPHOETHYL 
AspartamideTM Column (2.1mm ID, 10 cm length) (PolyLC Inc., Columbia, USA) on an Ultimate 
HPLC system equipped with a Probot fraction collector (LC Packings, Amsterdam, The Netherlands).  
Elution (flow rate: 0.1 mL/min) was performed using a gradient of 30 minutes, from 0 to 250 mM KCl 
over the first 22.5 minutes, ending at 500 mM KCl after 30 minutes, with 20 mM potassium phosphate 
buffer pH 2.9, 20% acetonitrile as buffer. 30 fractions of 100 μL were collected and lyophilized; 
fractions showing absorbance at 214 nm were redisolved in 0.1% TFA, 5% acetonitrile and used 
without any further purification for LC-ESI-Q-TOF analysis as described below. 

Mass spectrometry
For reflectron MALDI-TOF, 0.5 μL sample was mixed with 0.5 μL of a 10 mg/mL α-hydroxy cinnaminic 
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, U.K.) 
provided with a 2 GHz digitizer. For analysis by the CoolToolBox software program (see below) 
spectra were deconvoluted using the MaxEnt3 algorithm included in the Masslynx Proteinlynx 
software.

Electrospray MS and low energy collision induced dissociation (MS/MS) analyses were performed 
on a Q-TOF (Micromass, Whyttenshawe, UK) mass spectrometer with a Z-Spray orthogonal ESI 
source. For LC prior to MS, peptide mixtures were loaded on an Ultimate nano-HPLC system 
(LC Packings, Amsterdam, The Netherlands) and separated on a PepMap100 C18 reversed phase 
column (75 μm I.D., 25 cm length; Dionex, Sunnyvale, CA, USA). For untreated samples ~10 pmol 
of material was loaded, for enriched AzPYP samples ~5% of the enriched material was injected. For 
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the SCX fractions of the proteome sample before enrichment an amount corresponding to 10-15 mAU 
absorption was loaded. SCX fractions of the enriched E. coli proteome samples were split into two 
and run with both a linear (gradient B) and a step gradient (gradient C; see below). After loading 
on a trap column (Acclaim PepMap100, 300 μm I.D., 5 mm length, Dionex, Sunnyvale, CA, USA), 
elution (flow rate: 0.3 µl/min) of the peptides was performed using a linear gradient (gradient B), 
using solvent A, 0.1% formic acid and solvent B, 50% acetonitrile with 0.1% formic acid, going from 
0% to 15% B over the first 12 min, then continuing to 45% B from 12-35 min and ending at 100% B 
at 45 min (gradient returned back to 0% B in 2 minutes).  The step-gradient (gradient C) combined a 
linear and a step gradient, using solvent A, 0.1% formic acid and solvent C, 95% acetonitrile with 0.1% 
formic acid. After loading the following gradient was used; 0-5 min from 0 to 16% C, 5-8 min from 16 
to 19% C, 8-10 min 19% C, 10.2-12.2 min 22% C, 12.4-14.4 min 24% C, 14.6-16.6 min 26% C, 16.8-18.8 
min 28% C, 19-21 min 31% C, 21-27 min from 31 to 100% C, 27-37 min 100% C, and 37-40 min from 
100% C to 0% C. Direct infusion of the flow was supported by a Nanobore Emitter (Proxeon, Odense, 
Denmark). Survey scans were acquired from m/z 350–1,750. For MS/MS most intense ions were 
selected in a data-dependent mode, recorded from m/z 50-2,500, scan time 1.00 sec, interscan delay 
0.10 sec with argon as collision gas at a pressure of 4×10-5 bar measured on the quadrupole pressure 
gauge. Fragmentation spectra were processed with the MaxEnt3 algorithm included in the Masslynx 
Proteinlynx software, generating pkl-files (peak list).

Data analysis
Generated peak lists were submitted to Mascot (version 2.1, Matrix Science, London, UK) using an in-
house license. Fragmentation spectra from AzPYP digests were searched against a database to which 
the sequence of the PYP construct was added. Analysis was carried out using following settings: 
TrypChymo, cleaving after K, R, Y, W, F and L except when a P follows, allowing up to 6 missed 
cleavages. No fixed modifications of cysteine residues were set, since the only cysteine residue in 
PYP is conjugated with the chromophore. Variable modifications included carbamidomethylation of 
cysteine; methionine replaced by azhal (C4H6N4O, 126.054161) and methionine replaced by a modified 
azhal residue (C24H32N6O3S, 484.225660, ignore 402.196371 and 268.144987). Peptide tolerance was set 
at 0.5 Da, MS/MS tolerance at 0.5 Da, peptide charge at 1+. Assigned fragmentation spectra were 
validated manually.

For E. coli data, fragment ion searches were carried out using a local database of the E. coli 
K12 proteome (4506 sequences; 1426768 residues, release 14.4 04/11/2008, Uniprot consortium, 
http://beta.uniprot.org/). Settings were as follows: Trypsin, allowing up to 1 missed cleavage; 
carbamidomethylation of cysteine residues as a fixed modification, variable modifications of 
methionine as described for AzPYP. Peptide tolerance was set at 0.8 Da, MS/MS tolerance at 0.8 
Da, peptide charge at 1+. To estimate false positive protein identification rates (FPRs), fragment ion 
searches were performed against a decoy database, made using the Peakhardt decoy database builder 
(Medizinisches Proteom Center, Bochum, Germany; http://www.medizinisches-proteom-center.
de), generating a shuffled version of the E. coli K12 proteome. FPRs were obtained by dividing the 
total number of protein hits from the decoy database by the total number of protein hits from the E. 
coli K12 database and multiplying this ratio by 100 percent. The Mascot output was filtered by using: 
a significance threshold of p < 0.05, MudPiT scoring on, ion score cutoff of 25 and selection of “require 
bold red”. For these search settings FPRs of less than 1.1% were obtained. Peptide summary reports 
were exported as csv-files (comma separated value) for further data-analysis in Excel (Microsoft 
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Corporation, Redmond, USA). Exported Mascot results were filtered using the ASAP utilities add-on 
for Microsoft Excel (A Must in Every Office BV, Zwolle, the Netherlands; http://www.asap-utilities.
com) for modified azhal peptides. Per experiment two files were generated containing proteins 
identified by either all unique peptides or by unique (modified) azhal-containing peptides. To 
calculate labeling numbers and enrichment percentages, methionine and azhal-containing peptides 
with the same primary sequence were counted separately.

Identifications of cross-linked peptides (before and after enrichment) were made by analysis 
of the MS data using the CoolToolBox software program. This program is an upgrade of our 
VIRTUALMSLAB34 software program and can perform virtual cross-link experiments, generating 
a mass spectrometric reference database, which can be matched with the experimental mass 
spectrometric data. The reference databases before enrichment consisted of i) unmodified tryptic 
peptides that contain up to 6 “missed” cleavages at lysine (K), ii) peptides modified with the heme 
group present in cytochrome c and iii) cross-linked, loop-linked and mono-linked peptides with 
BAMG, iv) a combination of ii) and iii). The reference database after enrichment is similar to the 
one before enrichment, except that the mass added for modification by the cross-linker (ad iii) and 
iv)) was increased by the cyclooctyne and the linker, adding 358.2 Da. The MALDI-TOF data was 
matched with a mass accuracy of at least 60 ppm.
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Chapter 5

Selective enrichment and identification 
of cross-linked peptides to study protein 

structures by mass spectrometry* 

Abstract

Chemical cross-linking and mass spectrometry can be used to obtain struc-
tural information of proteins and protein complexes. After chemically link-

ing residues within or between the protein(s), followed by proteolytic digestion, 
mass spectrometric analysis can reveal the residues that are in close proximity. 
However, data analysis is hampered by the complexity of the samples, contain-
ing both unmodified peptides and different types of peptides modified by the 
cross-linking reagent: peptides containing a single modified residue (type 0), 
intrapeptide cross-links (type 1) and interpeptide cross-links (type 2). In this 
chapter, we show that the combination of enrichment of cross-link-modified 
peptides, labeled by an azido group, via covalent attachment to an azide-reactive 
cyclootyne-conjugated resin (ARCO-resin) and strong cation exchange (SCX) 
can be used to enrich and identify type 2 cross-link peptides. The observation 
of a reporter-ion for type 0 modified peptides further enhances the efficiency of 
data analysis. For two different proteins: cytochrome c and NK1, a natural occur-
ring splice variant of the polypeptide growth factor HGF/SF, nearly all residues 
were found to be modified by the cross-linker. Furthermore, for NK1 a type 2 
cross-link was identified that suggests the protein in solution can have a different 
structure than observed in crystals.

* This chapter is in preparation for publication.
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Introduction
Knowledge of the tertiary and quaternary structure of a protein (complex) is 
important to understand its (biological) function and action on the molecular 
level. Common techniques to obtain high resolution structures of proteins are 
X-ray diffraction and nuclear magnetic resonance (NMR). However, not all 
proteins are suited to be studied 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 located in the structure. To 
optimize the models, distance constraints within a protein or between proteins 
can be obtained by chemical cross-linking and mass spectrometry1-3. 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 the N-terminus of a protein2, 3. 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), four major types of 
peptides are expected in the digest: i) unmodified linear peptides, and cross-link 
modified peptides: ii) mono-links or type 0 cross-links, modification of peptides 
by a partially hydrolyzed cross-linker, iii) loop-links or type 1 cross- links, a 
cross-link within one peptide and iv) cross-links or type 2 cross-links, a cross-
link between two different peptides4, 5. In addition, peptides with one or more 
additional modifications by the cross-linker may exist. Mainly type 2 cross-links 
provide powerful 3-D structural information and can be used to refine models. 
However, the complexity of the peptide mixture makes it hard to detect and 
identify the low-abundant type 2 cross-links, hampering structural analysis of 
larger proteins and complexes. 

We have previously described a method to simplify the complexity of cross-
linked peptide mixtures by combining an azide-containing cross-linker with 
a tris(2-carboxyethyl)phosphine (TCEP)-dependent reaction and diagonal 
chromatography6. However, the method is laborious and some TCEP-induced 
cleavage products may be too small for detection and/or identification by mass 
spectrometry. 

Alternative methods that have been described use a biotin moiety attached to 
the spacer of a bifunctional cross-linking reagent, enabling affinity purification 
of peptides modified by the cross-linker on (strept)avidin resin7, 8. However, the 
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relatively large size of the biotin group may interfere with cross-linking. To avoid 
this potential problem, while still enabling introduction of an affinity group for 
isolation, a cross-linker has been described containing a terminal alkyne group 
in the linker. This alkyne was modified after cross-linking and digestion by a 
biotin moiety via the (3+2) copper catalyzed cycloaddition of terminal alkynes to 
azides9. The copper-catalyzed coupling reaction, though, may induce oxidation 
of the peptides, as has been described before, hampering identification10, 11. 

As an alternative to biotin affinity purification, in Chapter 2 and 4 a solid 
phase enrichment method is presented that uses the azide-reactive cyclooctyne 
(ARCO) resin11. Peptides modified by azide-containing cross-linkers, such as 
bis(succinimidyl)-3-azidomethyl glutarate (BAMG), were specifically isolated 
from a protein digest. However, type 2 cross-links remain a minor component 
of the peptide mixture dominated by the structurally less informative type 0 and 
type 1 cross-links, making cross-link mapping still laborious.

It this chapter, we report that the inclusion of strong cation exchange (SCX) in 
our enrichment method can be used to improve the mass spectrometric analysis 
of cross-linked peptides. In addition, the observation of a reporter-ion for type 
0 cross-links allows exclusion of this type of cross-links from the analyses, 
reducing the complexity of the analysis of cross-linked samples even further. 
We demonstrate that type 2 cross-links are selectively isolated and identified for 
two different proteins: cytochrome c and NK1, a natural occurring splice variant, 
composed of two domains, of the polypeptide growth factor HGF/SF. 
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Results and Discussion
Recently we have described a method for the specific isolation of azide-
containing peptides, using the azide-reactive-cyclooctyne (ARCO) resin (Figure 
1c)11. Via a strain-promoted (3+2)-cycloaddition12, peptides are captured on the 
resin via their azide-moiety to the cylooctyne, forming a triazole (Figure 1d). 
Reductive cleavage of the disulfide bond liberates a thiol that can be alkylated by 
iodoacetamide. The mass of the released peptide will increase with the residue 
mass of the cyclooctyne, linker and alkylating reagent, resulting in an addition 
of 358.2 Da (Figure 1d). An overview of the experimental setup is given in Figure 
1a. 

Figure 1, Overview of 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 separated by SCX into two fractions and analyzed by 

mass spectrometry. a, Workflow of the enrichment method. b, Structure of the 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 coss-links. c, ARCO-resin, consists of a poly-dimethylamide solid support, a 

disulphide as cleavable linker and a cyclooctyne as reactive group towards azides. Via the strain-promoted 

(3+2) 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 coss-links.
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Strong cation exchange enriches type 2 cross-links from cytochrome c
To optimize our enrichment method for cross-linked peptides, strong cation 
exchange (SCX) was included after the covalent capturing of cross-link modified 
peptides. SCX can be used to increase the content of type 2 cross-linked peptides 
in a peptide mixture digested by trypsin13-15.  At low pH, these cross-links can 
accommodate at least four positive charges and thus will bind more strongly to 
the SCX resin than linear peptides bearing only two positive charges (Figure 2b). 
Type 2 cross-links, therefore, elute at higher salt concentrations from the column 
than most linear peptides (Figure 2). SCX alone, however, does not enrich type 
2 cross-linked peptides specifically, since (unmodified) peptides with a charge 
state of more than 3+ will also elute at a higher salt concentration. Therefore, 
removal of unmodified peptides with use of the ARCO-resin, before SCX 
chromatography, will result in a much more pure preparation of cross-linked 
peptides.

To appreciate the value of SCX in the method, cytochrome c was cross-linked 
by BAMG as a model system. After digestion, BAMG-modified peptides were 
enriched by the ARCO-resin. The obtained peptides were then separated on an 
SCX HPLC column, and eluted at two salt concentrations. Mass spectrometric 
analysis of the two fractions showed  that as expected the low salt fraction (50 
mM KCl) contained 2+ peptides, mainly type 0 and type 1 cross-links, while 
the high salt fraction (250 mM KCl) contained the 3+ and 4+ peptides, mainly 
type 2 cross-links (Figure 2 and Table 1). These results show that the inclusion 
of SCX facilitates the analysis of cross-linked peptides considerably; a significant 
enrichment of type 2 cross-links has been reached by separating them from most 
type 0 and type 1 cross-links and unmodified peptides.

cytochrome c type 0 type 1 type 2 NK1 type 0 type 1 type 2

low salt fraction 13 (12) 10 (10) 1 (1) low salt fraction 12 (8) 6 (3) 0 (n.a.)

high salt fraction 4 (3) 2 (2) 11 (11) high salt fraction 8 (6) 1 (0) 17 (8)

total 17 (15) 12 (12) 12 (12) total 20 (14) 7 (3) 17 (8)

Table 1, Enrichment by ARCO-resin and SCX of BAMG-modified peptides shows enrichment in type 2 cross-

links in the high salt fraction. Overview of number of modified lysine residues identified after enrichment by 

the ARCO-resin and SCX of BAMG-cross-linked cytochrome c and NK1. After SCX two fractions are obtained, 

the low salt fraction of (modified) peptides eluting at 50 mM KCl and the high salt fraction of (modified) 

peptides eluting at 250 mM KCl. FTMS data is matched with at least 3 ppm accuracy. Number of linked residues 

confirmed by fragmentation is given between brackets (x).
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Figure 2, Combination of enrichment by the ARCO-resin and SCX allows identification of cross-linked 

peptides by FT-ICR-MS and Q-TOF-MSMS. After enrichment by the ARCO-resin, cross-link modified peptides 

are separated by SCX, generating two fractions The low salt fraction (50 mM KCl) contains 2+ and 3+ charged 

peptides, comprising type 0 and type 1 cross-links. The high salt fraction (250 mM KCl) contains mainly 4+ 

charged peptides, consisting of type 0 and type 1 cross-links containing additional basic residues and type 

2 cross-links (major component). From the SCX fractions LC-FTMS data is obtained, which is analysed using 

CoolToolBox, resulting in a list of candidate cross-link modified peptides identified by accurate mass (< 3 

ppm). LC-Q-TOF-MSMS analysis of the SCX fractions allows identification of the candidate cross-link modified 

peptides by fragmentation. 
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Enrichment by ARCO-resin under different conditions is robust

To test the robustness of the enrichment method, the cross-linked peptide 
mixtures derived from cytochrome c were incubated under different conditions 
with the ARCO-resin. Enrichment was carried out in i) acetonitrile and 
phosphate buffer pH 7.5, ii) under acidic conditions, in acetonitrile and 0.1% 
TFA, and iii) denaturing conditions, in acetonitrile and 3 M guanidine. Analysis 
of the enriched cross-link containing peptides showed that similar results were 
obtained for all conditions. All identified 12 type 2 cross-links were detected 
under the three different conditions. Of the remaining 29 modified peptides, only 
five species of low abundance (one type 0 cross-link and four type 1 cross-links) 
were not detected under all conditions. After enrichment also four unmodified 
peptides were detected in the sample when coupling in phosphate buffer at pH 
7.5. However, under acidic and denaturing conditions only two peptides were 
detected at relatively low intensity (<1.5%). This shows that a high enrichment of 
BAMG-modified peptides has been obtained under different coupling conditions, 
underscoring the robustness of the method.

Analysis of mass spectrometric data of enriched cross-linked peptides from 
cytochrome c
Cross-linked peptides from relatively small proteins can be reliably identified 
by accurate mass measurement. Comparison of the identified peptides based on 
accurate mass and our in-house designed software program VIRTUALMSLAB16 
with the fragmentation data, shows that nearly all candidate cross-link modified 
peptides were confirmed by MS/MS. Out of the 17 type 0 cross-links assigned 
by VIRTUALMSLAB in the low and high salt fractions, 15 were selected for 
fragmentation and could be confirmed. For type 1 cross-links, all 12 masses were 
selected and could be assigned correctly. For type 2 cross-links, similar results 
were obtained. Eleven masses could be assigned to a single type 2 cross-link, 

Figure 2, continued. a, UV absorbance trace of an SCX run of enriched cross-linked cytochrome c. After loading 

the sample, a two-step gradient (50 mM KCl and 250 mM KCl) is used to separate type 2 cross-links from the 

other modified peptides. b, Overview of expected products in SCX fractions after enrichment. 0+: unreacted 

cylcooctyne is uncharged at pH 2.9 and will not bind to the SCX column, eluting in the void volume. 2+, 3+: 

type 0 and type 1 cross-links. 3+, 4+: type 0, type 1 and type 2 cross-links (majority). c, Total Ion Count of 

LC-FTMS run of the high salt fraction. d, FTMS spectrum at t = 23.0 min. e, Q-TOF-MSMS spectrum of a type 

2 cross-link at m/z 1013.8543 (= 3039.54 Da), with the sequences (a) MIFAGIKK and (b) EETLMEYLENPKK. f, 

Overview of observed and assigned fragments in peptide sequence. y*: loss of the cyclooctyne with the linker. 

▲: cyclooctyne with linker at m/z 402.2.
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which all were confirmed. For one mass, two different type 2 cross-links could 
be matched within 3 ppm, after which fragmentation showed one of them to 
be correct. These results show that the identification of cross-linked peptides by 
high accuracy mass data has great potential and can be used for a first analysis of 
cross-linked protein samples. 

However, fragmentation will be necessary for the identification of some type 
2 cross-links: residues involved in the cross-link or the difference between type 0 
and type 2 cross-links can sometimes not be made by accurate mass. Furthermore, 
for larger systems the number of possibilities for type 2 cross-links will increase 
exponentially with the number of lysine residues and thereby the number of 
false positives. This makes the analysis of the data solely based on accurate mass 
practically impossible. Therefore, the combination of high mass accuracy and 
fragmentation will be very useful: the first limits the possibilities for a given 
mass, when analyzing the acquired data from the second.
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Figure 3, Fragmentation of enriched type 0 cross-links shows a distinctive reporter ion at m/z 528.2. a, 

Overview of observed and assigned fragments of type 0 cross-link observed in NK1 with the sequence 

EFGHEFDLYENK(mod)DYIR. b, Fragmentation spectrum of the type 0 cross-link at m/z 2602.20. y*: loss of 

the cyclooctyne with the linker. ▲: cyclooctyne with linker at m/z 402.2. ▼: further fragmentation of the 

cyclooctyne gives rise to a benzoylium ion with 268.1 Da. ■ : reporter ion at m/z 528.2, consisting of the 

cyclooctyne, linker and cross-linker. ♦ : loss of reporter ion.



Enrichment of cross-linked peptides 

97

Fragmentation behavior of BAMG-modified peptides

As discussed in previous section, cross-linked peptides from relatively small 
proteins can be reliably identified at the high mass accuracy (<3 ppm) achieved 
under our experimental conditions. However, for the applicability of our 
technique to more complex systems, yielding more than one candidate cross-link 
for a measured mass, high quality MS/MS data are required for unambiguous 
identification of the peptides involved in the cross-link. For the type 2 cross-links 
isolated via our enrichment procedure, information-rich CID fragmentation 
spectra were obtained as exemplified in Figure 2e and f. The observation of 
dominant y- and b-ion series in most spectra suggests that our approach enables 
high throughput cross-link analysis with software programs calculating a score 
to indicate the chance that hits are the result of random events15, 17-21.

In addition to the backbone fragmentation of both peptides, two characteristic 
reporter ions can be observed. These ions of the linker at m/z 402.2 and m/z 268.2 
and the loss of 401.2 are specific to ARCO-enriched peptides and often observed 
in fragmentation spectra, enabling discrimination between enriched peptides 
and those that are nonspecifically isolated11. 

For type 0 cross-linked peptides another reporter-ion is observed, which 
enables distinction between type 0 and type 2 cross-links. Inspection of 55 MS/
MS spectra of type 0 cross-links, from both cytochrome c and NK1, revealed the 
presence of an ion at m/z 528.2 in ~80% of the cases (Figure 3). This ion originates 
from dissociation of the amide bond of the lysine epsilon-amine with the BAMG-
cross-linker, and corresponds to the mass of the cylcooctyne-linker, attached 
to the BAMG-cross-linker, which is hydrolyzed on one side yielding a free 
carboxylic acid moiety. For the other two types of cross-links an ion at m/z 528.2 
was observed in less than 3% of all analyzed spectra. This renders observation of 
this ion useful; spectra containing the reporter ion signal can be excluded from 
further study if only type 1 and type 2 cross-links are of interest. So, in addition to 
SCX, reporter ion analysis will improve efficiency of mass spectrometric analysis 
of type 2 cross-links even further.

Cross-links in cytochrome c
The cross-linking with BAMG is carried out under very mild conditions; on average 
one to two cross-links are introduced per cytochrome c molecule6. This assures 
both efficient digestion of the cross-linked protein and limits the possibility of 
changing the protein structure, potentially introduced by cross-linking reagents. 
Yet, the large majority of the 19 lysine residues in cytochrome c is found to be 
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modified by BAMG (Figure 4a). Apart from modification by the BAMG cross-
linker of the lysine residues, it was found that the methionine residues in the 
cytochrome c preparation were partially oxidized. In one example, a cross-link 
between two peptides, each containing a methionine, was identified with none of 
the methionine residues oxidized, one of the residues oxidized and both residues 
modified by oxidation. These observations show that the combination of cross-
linking with BAMG and our enrichment method is sensitive and comprehensive.

The structural information obtained from cross-linking is derived from the 
distance spanned by the cross-linker used. BAMG spans maximally 20 Ångstrom, 
measured between the alpha carbon atoms of the lysine residues. This distance 
can only be reached when the lysine residue side chains are maximally stretched 
on the protein surface. As most lysine side chains will be prevented from maximal 
stretching by sterical constraints, it is expected to find most of the cross-links 
to span a shorter distance. Analysis of the distances between the alpha carbon 
atoms of type 1 and 2 cross-links in the structure of horse cytochrome c, showed 
that the expected distance of 20 Ångstrom is not exceeded and that no cross-links 
further apart than 17.5 Ångstrom are observed (Figure 4c).

a b c

d

a b c

d

Figure 4, Residues involved in cross-linking show the method to be sensitive. Overview of residues involved 

in cross-linking with BAMG. a, Cytochrome c contains 19 lysine residues. The N-terminus is acetylated and is 

not involved in cross-linking. Numbering as in sequence (pdb file: 1AKK). b, NK1 contains 21 lysine residues. 

The N-terminus is involved in cross-linking. Numbering as in sequence (pdb file: 1GP9). K: Lysine. Y: Tyrosine. 

Black: Confirmed by Q-TOF-MSMS. Dashed: Identified by FTMS. c and d, Distribution of theoretical (grey) and 

experimental (black) found type 1 and 2 cross-links, as the distance between lysine residues in crystal structure 

of c, horse cytochrome c (pdb file: 1AKK) and d, NK1 (pdb file: 1GP9). For NK1 19 out of the 21 lysine residues 

are resolved in the crystal structure 1GP9. Distance is measured between the alpha carbons of lysine residues 

and is through space. The maximal distance spanned by BAMG is 20 Ångstrom.
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Out of the 70 theoretical type 1 and 2 cross-links that are less than 17.5 Ångstrom 
apart from each other, 31% is found back in our dataset. This is comparable to 
the results of Lee et al., who found 33% of the lysine pairs within 20 Ångstrom as 
cross-link17, using a cross-linker with a 3.5 Ångstrom longer spacer, a different 
fractionation scheme and different mass analysis equipment. 

Cross-links in NK1

To test the applicability of the method to other proteins, the splice variant of 
hepatocyte growth factor/scatter factor (HGF/SF) – NK1 – was chosen. This 
protein is a potential antagonist for the receptor Met, an oncogenic protein 
involved in different types of cancer22-24. NK1 is 21 kDa in size, contains 20 lysine 
residues and consists of two domains. It behaves as a monomer in solution, but 
forms a dimer in the crystal structures25-27 as well as in solution in the presence 
of heparin28, 29. Still, the orientation of the two domains in solution is not known 
and the mechanism by which NK1 binds the Met receptor is not yet completely 
understood30. It has been proposed that NK1 changes from a dimeric structure 
to a monomeric structure via “domain swapping”27, such that the interactions 
between the protomers in the dimer are replaced by equivalent interdomain 
interactions within the monomer. Firstly, hinge movement between the N and 
K1 domains has been observed. Secondly, strong interactions between the 
protomers in the dimer are lacking between the domains within the protein. 
Chemical cross-linking might aid in the study of the solution structure of the 
NK1 protein and thereby gain more insight in its function. NK1 has been studied 
before by chemical cross-linking; however, at that time only four type 2 cross-
links could be identified16.

As for cytochrome c, nearly all lysine residues of NK1 are involved in cross-
links (Figure 4b). From the FTMS analysis, a list of 17 unique candidates for 
type 2 cross-links was obtained, that were detected both fully alkylated and 
without alkylation of the linker (see Material and methods). Four of these cross-
links comprise the N-terminus, which is not resolved in the crystal structures. 
In fragmentation experiments eight of the 17 type 2 cross-links were selected 
for fragmentation and the proposed structure of all of them could be confirmed 
(Table 1).

When locating the linked lysine residues involved in type 1 and 2 cross-links in 
the crystal structures, it appears that most are found within one of the two domains 
of NK1. This is reflected in the distances spanned by the linked residues: for 19 
out of the 21 cross-links that can be mapped in the crystal structures, distances 
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Figure 5, Fragmentation spectrum of enriched type 2 cross-link derived from NK1 that suggests the protein 

can have a different structure in solution compared to the available crystal structures. The type 2 cross-link 

depicted in a - b points to a different structure of the protein in solution compared to the available crystal 

structures. The alpha carbon atoms of the linked lysine residues within one protomer in the dimeric crystal 

structures (PDB-files: 1GP9, 1BHT, 1NK1, 2QJ2) are separated by 25.4 to 26.3 Ångstrom, largely exceeding the 

maximal distance of 20 Å that can be spanned by the cross-linker BAMG.
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of less than 17.5 Ångstrom are spanned, 26% of the total number of theoretical 
type 1 and 2 cross-links possible (Figure 4d). One of the cross-links exceeding 
the maximal distance originates from a mass that can be explained by two type 2 
cross-links, spanning a distance of either 4.9 or 19.6 Ångstrom. By accurate mass 
no distinction can be made and fragmentation is needed to confirm one of both. 

The other type 2 cross-link that does not obey the rule of 17.5 Ångstrom was 
assigned by accurate mass (1 ppm accuracy) both fully alkylated and with 
unalkylated linker. Furthermore, the structure of this type 2 cross-link has 
been confirmed by fragmentation (Figure 5). The cross-link spans a distance of 
almost 26 Ångstrom, is found between two peptides with lysine residues K85 
and K132, located in the two different domains of the protein, and cannot be 
fitted in the crystal structures. The cross-linking has been carried out in solution 
in absence of heparin and no dimer has been formed, as judged by SDS-PAGE 
and in agreement with previous cross-linking experiments23, 26. This implies that 
NK1 indeed can adopt a structure in solution different from the one observed in 
the crystal structures27. The cross-link found between K85 and K132 can best be 
explained by assuming that the protein has adopted a “closed” conformation at 
the moment of connection of these two lysine residues.

Cross-linking and enrichment of cysteine containing proteins

NK1 is a two domain protein of 21 kDa, containing 10 cysteine residues, 
which are all involved in disulfide bridges. To facilitate digestion, the BAMG-
cross-linked protein was subjected briefly to treatment with a relatively low 
concentration of TCEP to (partially) reduce the five disulfide bonds, while at the 
same time preventing reduction of the azide or even cleavage of the cross-linker6, 

31, followed by alkylation of free SH-groups. To determine the extent of reduction 

Figure 5, continued. This indicates that the monomeric structure in solution differs from the structure of the 

protomers in the crystal dimers. In c – f, the fragmentation spectra of two type 2 cross-links comprising both 

one of the peptides of the type 2 cross-link in a – b support the modification of these lysine residues and the 

fragmentational behavior these peptides. a, Fragmentation spectrum of the type 2 cross-link at m/z 2484.41 

b, Overview of observed and assigned fragments of type 2 cross-link observed in NK1 with the sequences 

(a) TCK(mod)AFVFDK and (b) NCIIGK(mod)GR. c, Fragmentation spectrum of the type 2 cross-link at m/z 

2707.36. d, Overview of observed and assigned fragments of type 2 cross-link observed in NK1 with the 

sequences (a) TCK(mod)AFVFDK and (b) SYK(mod)GTVSITK. e, Fragmentation spectrum of the type 2 cross-

link at m/z 2177.22. f, Overview of observed and assigned fragments of type 2 cross-link observed in NK1 

with the sequences (a) 2HN(mod)YVEGQR and (b) NCIIGK(mod)GR. In these cross-links, the cysteine residues 

were found to be alkylated. y*: loss of the cyclooctyne with the linker. ▲: cyclooctyne with linker at m/z 

402.2. ◊: Deconvolution artefacts of multiple charged ions observed after processing of the data with Masslynx 

Proteinlynx software.



Chapter 5

102

of the disulfide bonds in the protein, analysis was carried out with and without 
alkylation after TCEP-induced release from the resin. Under these conditions, 
reduction of possible remaining disulfide linked peptides – enriched via the resin 
through cross-link modified peptides – will occur as well. In the absence of the 
second alkylation step both the linker and peptides, which survived the first 
reduction, bear a free thiol group. 

Results show that indeed reduction of disulfide bonds in the protein was 
only partial. However, this did not prevent efficient digestion since we found 
practically all lysines to participate in one or more of the three types of cross-links. 
Moreover, similar results were obtained with and without alkylation after release 
from the ARCO beads. For data analysis, though, inclusion of an alkylation step 
after enrichment is preferable because all cysteine residues become alkylated 
after the complete reduction, yielding single products, which reduces the size of 
the database.

Further improvement

Further improvement of the method for more complex samples could be 
achieved by collecting multiple fractions during the SCX separation, instead of 
separating the sample in two fractions as described here. Furthermore, the use of 
a curved gradient as described recently instead of our two step gradient should 
gain further in sensitivity13. 

A second improvement of the method relates to the solubility of the enriched 
peptides. Recent experiments have shown that avoiding sample drying during 
workup, and keeping the enriched peptides in a solution containing at least 10% 
acetonitrile, increases the yield considerably, only an equivalent of 4 μg cross-
linked NK1 being sufficient for analysis. It is of interest though that no additional 
cross-links were detected with the modified procedure suggesting that loss of 
material by drying is not selective (results not shown).

Conclusion

We have described a robust procedure for the enrichment of azide-containing 
peptides for cross-linked samples. The enrichment is reproducible under different 
coupling conditions, making it a suitable method for different systems, and the 
inclusion of SCX makes this to the best of our knowledge, the first method able to 
enrich type 2 cross-links selectively. Fragmentation of enriched cross-links give 
rise to good quality spectra and the observation of an m/z 528.2 reporter ion for 
type 0 cross-links makes it possible to discriminate between the different cross-
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link modified species, aiding in the data analysis of cross-linked protein samples. 
The number of cross-links identified in this study and by others suggests that 
in general only about one third of all theoretical cross-links in a protein (or 
complex) are observed. This should be taken into account when considering a 
cross-link approach for 3D structure validation of a protein (complex). Structural 
information for two small proteins (cytochrome c and NK1) has been obtained 
by our method and conditions have been optimized that will enable the leap to 
cross-link analysis of more complicated systems. 
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Material and Methods

Synthesis of the azide reactive cyclooctyne (ARCO)-resin
The ARCO-resin was synthesized as described by Nessen et al.11.

Preparation of BAMG-cross-linked cytochrome c digest
A tryptic digest of BAMG-cross-linked cytochrome c was prepared as described by Kasper et al.6. The 
obtained digest in 100 mM ammonium bicarbonate was desalted on C18 reverse phase pipette tips, 
eluting in 75% acetonitrile.

Preparation of BAMG-cross-linked NK1 digest
A tryptic digest of BAMG-cross-linked NK1 was prepared similar to cytochrome c. NK1 (7 µM in 
50 mM sodium phosphate buffer pH 7.5 with 100 mM NaCl) was cross-linked with 0.1 mM BAMG. 
After cross-linking and removal of the reagents with a Biomax filter (10 kDa) as described before, the 
protein was incubated with TCEP (2 mM) at room temperature for 15 minutes. Then NaN3 (5 mM) was 
added, followed by iodocetamide (30 mM) and after 30 minutes of incubation at room temperature in 
the dark, reagents were removed by washing the cross-linked protein twice with 50 mM potassium 
phosphate buffer pH 7.5. After concentration of the protein, the mixture was transferred to a Lo-Bind 
Eppendorf tube and trypsin (Trypsin Gold (Promega, Madison, WI, USA)) was added (1:20 w/w) 
for overnight digestion. The digest was desalted on C18 reversed phase pipette tips, eluting in 50% 
acetonitrile, 0.1% TFA.

Enrichment of cross-linker modified peptides by the ARCO-resin
Cross-link-modified peptides were enriched by the ARCO-resin as described by Nessen et al.11. For 
cytochrome c, 125 µg BAMG cross-linked protein digest in 75 µl was added to ~2 mg of dry ARCO-
resin in a final solution of either i) 25 mM potassium phosphate buffer pH 7.5 in 50% acetonitrile, 
ii) 0.1% TFA, pH 2 in 50% acetonitrile or iii) 3 M guanidine hydrochloride in 25% acetonitrile. After 
incubation at 40 oC for 24 h, the samples were treated as described before11. 

For NK1, 150 µg of BAMG cross-linked protein digest in 75 µl was added to ~2 mg of dry ARCO-
resin in 25 mM potassium phosphate buffer pH 7.5 in 50% acetonitrile. After washing of the resin and 
release of captured peptides, the free thiol was either alkylated by addition of 55 mM iodoacetamide 

(final concentration) or no alkylation was carried out and samples were treated as described before.

Enrichment of cross-linked peptides by strong cation exchange (SCX)
All material recovered from the enrichment by the ARCO-resin was loaded in 1 mL of  a solution 
containing 10 mM potassium phosphate buffer, pH 2.9 in 20% acetonitrile on a PolySULPHOETHYL 
AspartamideTM 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 two-step isocratic program which consisted of a first elution step of 50 
mM KCl in a buffer containing 10 mM potassium phosphate buffer, pH 2.9 in 20% acetonitrile, for 20 
min (low salt) followed by a second elution step with 250 mM KCl for 20 min (high salt) and finally, a 
linear gradient to 500 mM KCl. Forty fractions of 100 µl were collected. Fractions showing absorbance 
at 214 nm were pooled within in their respective elution step and selected for further analysis. This 
resulted in two fractions which were named low salt and high salt. For cytochrome c, 0.1% TFA was 
added to obtain a final acetonitrile concentration of less than 10%. For NK1, the acetonitrile was 
evaporated in a vacuum centrifuge. Then, fractions were subsequently desalted on C18 reversed 
phase pipette tips.
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Mass spectrometry

LC-FT-MS
Accurate mass data were acquired using an ApexQ Fourier transform ion cyclotron resonance mass 
spectrometer (Bruker Daltonic, Bremen, Germany) equipped with a 7T magnet and a CombiSource™ 
coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, USA) HPLC system with a 100 µm ID, 150 mm 
monolithic reverse phase column (Onyx C18, Phenomenex, Torrance, USA). Samples were injected 
as a 3 µl 0.1% TFA aqueous solution and directly loaded onto the analytical column.  About 15% 
(cytochrome c) or 30% (NK1) of the material was injected. Following injection, a linear gradient was 
applied in 30 min from 0.1% FA to 0.1% FA and 40% acetonitrile at a flow rate of 2µl min-1. During 
elution a chromatogram of 550 high resolution ESI FTMS spectra was recorded using a MS duty cycle 
of about 3 seconds.

LC-Q-TOF-MS/MS
Electrospray MS and low energy collision-induced dissociation (MS/MS) analyses were performed on 
a Q-TOF (Micromass, Whytenshawe, United Kingdom) mass spectrometer with a Z-Spray orthogonal 
ESI source. For LC prior to MS, peptide mixtures 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). About 30% of the material was transferred to an analysis vial and the 
solvent was evaporated with a miVac DNA concentrator high performance centrifugal evaporator 
system (GeneVac, Ipswich, United Kingdom) after which the peptide mixture was redissolved in a 10 
µl solution of 5% ACN and 0.1% TFA. After loading 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 as described by Nessen et al.11. Direct 
infusion of the flow was supported by a Nanobore Emitter (Proxeon, Odense, Denmark). Survey 
scans were acquired from m/z 350-1,500. Most intense ions were selected for MS/MS in a data-
dependent mode, recorded from m/z 50-2,500, scan time 1.00 s, interscan delay 0.10 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 processing and analysis
FT-ICR data were processed using the Data Analysis 3.4 software program (Bruker Daltonic, Bremen, 
Germany). In a batch procedure mass spectra were extracted from the chromatogram and the 
monoisotopic masses of the peptides were determined using Brukers peak recognition technology 
SNAP IITM. Mass calibration was achieved by selectively extracting and then summing about 6 mass 
spectra from the chromatogram showing calibrant ions. The summed spectrum was mass calibrated 
and the resulting calibration parameters were applied to all spectra in the chromatogram. This 
resulted in a mass calibration of better than 1.5 ppm over the entire chromatogram for all analyses. 
For each FTMS analyses the resulting array of monoisotopic mass lists was exported as a MASCOT 
generic file (mgf). Ion abundances in the exported array of monoisotopic mass lists were the sum 
of abundances of all isotopes over all charge states for each peptide. The exported mgf file was 
imported in the CoolToolBox software program which is a major update of the in-house developed 
VIRTUALMSLAB program16, 32. 

From the imported array monoisotopic mass spectra the CoolToolBox program constructed 
peptide ion chromatograms, for which the mass and retention time was taken at the apex of the 
chromatogram profile and the abundance was summed over the chromatogram profile. The 
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ultimate LC-MS data processing resulted in a peptide monoisotopic mass list with abundance and 
LC retention. The processed LC-FTMS data were matched with the CoolToolBox generated virtual 
experiment peptide database16. 

The virtual experiment database generated in CoolToolBox consisted of i) unmodified tryptic 
peptides, ii) cross-linked peptides, for which each peptide contained one internal lysine residue, iii) 
loop-linked peptides, containing up to three internal lysine residues, and iv) mono-linked peptides, 
containing up to two internal lysine residues. 

For cytochrome c, peptides in the reference database ii), iii) and iv) were modified by BAMG, 
the cyclooctyne, linker and iodoacetamide. All FTMS data with an intensity of at least 0.75% was 
matched with an accuracy of 3 ppm against each database separately. To determine false positive 
identifications, the experimental MS data was matched to a scrambled database, derived from a 
scrambled sequence of cytochrome c, which was repeated ten times. The average number of false 
cross-links was then divided by the number of real cross-links, obtaining the false positive ratio. 
For the different types of cross-links false positive ratios of less than 6% (0-6%) were obtained, with 
exception for the type 2 cross-links in the low salt fraction, with a false positive ratio of 30% (0.3 
false cross-links on average divided by 1 identified cross-link). Acquired fragmentation spectra were 
inspected and assigned manually. 

For NK1, cysteine residues were partially alkylated and the N-terminus was added as a group to 
be modified by the cross-linker. Data was matched against databases containing peptides modified 
by BAMG, the cyclooctyne, linker with and without alkylation. FTMS data with an intensity of at 
least 0.25% was matched with an accuracy of 3 ppm against each database separately. Only cross-
links found in both experiments (with and without alkylation) were considered for further analysis. 
For type 2 cross-links a false positive ratio of 2% was obtained. Acquired fragmentation spectra were 

inspected and assigned manually. 
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Chapter 6

General Discussion

Abstract

The enrichment of azide-containing peptides via covalent capturing on the 
azide reactive cyclooctyne (ARCO) resin is successful for peptides labeled by 

either azide-containing amino acids or cross-linkers, as has been shown in Chap-
ters 4 and 5. In this chapter, potential improvements of the developed method 
and possible applications are discussed. Future experiments are described to use 
the enrichment method to study the level of regulation of protein synthesis in 
Escherichia coli. The use of the information acquired on proteome dynamics for 
further research is also discussed. This will bring us a little bit closer to under-
standing the molecular mechanisms that are responsible for cellular adaptation.
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The enrichment of azide-containing peptides via covalent capturing on the 
azide reactive cyclooctyne (ARCO) resin is successful for peptides labeled by 

either azide-containing amino acids or cross-linkers, as has been shown in this 
thesis in Chapter 4 and 5. Peptides derived from newly synthesized proteins have 
been selectively isolated, thereby mapping proteome wide protein synthesis in 
Escherichia coli. The enrichment of cross-linked peptides aided in the study of the 
solution structure of NK1, a splice variant of hepatocyte growth factor/scatter 
factor (HGF/SF) and potential antagonist for the oncogenic Met receptor. The 
successful application of the developed enrichment method to different types 
of rare azide-containing peptides shows the potential of the method to further 
study proteome dynamics. 

In this chapter, improvements to the developed method and potential features of 
the method for data analysis of cross-linked samples are discussed. Furthermore, 
application of the enrichment method to study the level of regulation of protein 
synthesis in E. coli is described and future experiments are discussed.

The choice of a different reactive group will reduce hydrophobicity and 
increase reactivity

In Chapters 4 and 5 it has been shown that ARCO-enriched peptides become more 
hydrophobic by the introduced cyclooctyne moiety. This became apparent during 
separation of the enriched peptides mixtures by reversed phase chromatography: 
modified peptides elute at higher concentrations of organic solvents compared 
to unmodified peptides. In Chapter 5 it was further mentioned that by excluding 
extensive drying of enriched peptides in the workup sample loss decreased and 
less material was needed for mass spectrometric analysis. To further minimize 
sample loss and improve analysis by mass spectrometry the use of a less 
hydrophobic cyclooctyne (or other azide-reactive moiety) for enrichment will 
improve solubility of enriched peptides.

In addition, reactivity of the cyclooctyne with azide-containing molecules 
could be improved, as the cyclooctyne moiety used for the ARCO- resin is one 
of the slowest amongst the cyclooctynes described in literature (structure of 
the ARCO-resin is depicted in Figure 1, an overview of cyclooctyne moieties is 
given in Chapter 1, Figure 3). For the enrichment itself reactivity is not the most 
important prerequisite, but the use of higher temperatures (40 °C) to reduce 
the incubation time might promote decomposition of the cyclooctyne, as the 
compound is unstable at temperatures higher than 50 °C. This might result in 
i) a reduced number of reactive sites, decreasing the yield of enriched peptides 
and ii) the formation of side-products on the resin that are co-released with 
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the enriched peptides after cleavage of the linker, generating compounds that 
(might) interfere with analysis. 

To improve both the solubility of modified peptide and the reaction time of 
the enrichment, another, more hydrophilic azide-reactive moiety as reactive 
group could be selected. The water soluble azacyclooctyne DIMAC1 described 
by Bertozzi and co-workers was not useful for mass spectrometric analysis 
as the presence of the tertiary amide in the cyclooctyne moiety obscured data 
analysis as described in Chapter 2. The difluorinated cyclooctyne DIFO could be 
of great potential, showing nearly a 60-fold increased reactivity compared to the 
cyclooctyne used for the ARCO-resin2. The easier access to the second generation 
of difluorinated cyclooctynes, would make these an interesting alternative3. 

Another candidate is a recently described monofluorinated cyclooctyne 
that lacks the benzyl group4, which will improve solubility (Figure 2a). In 
addition, increased reactivity is reported compared to the cyclooctyne used 
for the ARCO-resin and compared to other monofluorinated cyclooctynes. In 
contrary to the monofluorinated cyclooctyne described in Chapter 2, the position 
of the fluorine next in this moiety is not expected to give rise to exchange or 
additional fragmentation reactions after enrichment (Figure 2). The synthesis 
of this cyclooctyne is simpler and more straightforward compared to the 
second generation difluorinated cyclooctynes discussed above making it an 
easy accessible alternative as reactive group for selective enrichment of azide-
containing peptides.

Alternatives that can be used instead of a cyclooctyne as reactive group are: 
electron deficient alkynes, which react in aqueous solutions via a 1,3-dipolar 
cycloaddition with azides5 or oxanorbornadienes6, which react with azides via 
a tandem (3+2) cycloaddition-retro-Diels-Alder ligation as described by the 
group of Rutjes (Figure 3). Both moieties are small in size and will not introduce 
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Figure 2, Mono-fluorinated cyclooctyne moieties.
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significant hydrophobic modifications to the peptides after enrichment. 
Drawbacks are the limited reactivity for the electron deficient azides, and the 
observation of side-products for the reaction of azides with oxanorbornadienes.

Observation of reporter ions might aid in data analysis of cross-linked peptides

Cross-linked peptides from two proteins, cytochome c and NK1, have been 
successfully enriched by including fractionation by strong cation exchange in 
our enrichment method. The structure informative type 2 cross-links could be 
specifically separated from (most of) the type 0 and type 1 cross-links (Chapter 
4). By accurate mass measurements cross-links could be reliably identified, 
being confirmed by fragmentation experiments. However, when studying larger 
systems, comprising multiple (large) proteins, the data analysis will become 
problematic.

For the analysis of mass spectrometric data of proteome samples commonly 
data derived from LC-MS/MS experiments is analyzed with (online) search 
engines7, such as Mascot8, SEQUEST9 and X!Tandem10. These kinds of programs 
combine precursor masses with fragment ions, and match the information with 
a database containing all possible peptides (virtually) present in the sample. The 
database is based on the genome sequence of the organism worked with, yielding 
a virtual proteome and the protease or cleavage reagent used to generate the 
peptide mixture. As well, post-translational modifications or chemical induced 
modifications can be defined. Comparison of the acquired data with the calculated 
database will give a list of identified peptides that are used for the identification 
of the protein they are part of. The algorithms developed for these searches 
include probabilistic scores for the identified peptides and corresponding 
proteins. These scores can be used to define a minimal score that is needed for 
true identifications. This will reduce the number of false positive identifications, 
allowing (more) reliable identification of peptides and thus proteins.

However, analysis of cross-linking data is a much more challenging task11. By 
selective enrichment of the structural informative type 2 cross-links by the ARCO-
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Figure 3, Alternative azide-reactive groups. a, Electron deficient alkynes react via a 1,3-dipolar cycloaddition 

with azides. b, Oxanorbornadienes react via a tandem (3+2) cycloaddition-retro-Diels-Alder reaction with 

azides.
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resin as described in Chapter 5, the limitation of the low abundance of cross-links 
has been solved. The second limitation encountered in cross-linking research is 
the (reliable) identification of type 2 cross-links, consisting of two peptides that 
are linked together. An exponential increase of entries in calculated databases of 
cross-linked peptides with an increase in protein complexity is obtained11-16. This 
gives rise to enormous numbers of candidate cross-linked species corresponding 
to a given measured mass, from which algorithms have to discriminate between 
true and false positive identifications. Recently, Goodlett and co-workers 
presented a way to analyze cross-link data by matching LC-MS/MS data with 
a linearized peptide database using common search engines16, 17. This xComb 
strategy was shown to be successful for protein complexes for up to 50 proteins. 
Other database search algorithms that define probabilistic scores include an 
upgraded version of X!Link17 and MassMatrix18. However, application of X!Link 
was only shown for a single cross-linked protein, cytochrome c. Analysis of data 
derived from cross-linked cytochrome c by MassMatrix yielded identification 
of only five cross-link sites. Application of this database search engine to an in 
vitro cross-linked E. coli proteome yielded mainly cross-links between residues 
near each other in sequence. These examples illustrate the attempts that are 
made to improve the analysis of cross-linked protein samples by database search 
engines, which is however not straightforward and optimization is still needed 
for application to larger systems.

The observation of reporter ions upon collision induced fragmentation might 
aid the analysis of this type of mass spectrometric data. As described in Chapter 
4, reporter ions are observed during fragmentation of ARCO-enriched peptides. 
This allows discrimination between isolated azide-containing peptides and 
peptides that are nonspecifically enriched. Furthermore, the observation of a 
reporter ion specific for type 0 cross-links makes it possible to distinct between 
type 0 and type 2 cross-links. If only type 1 and type 2 cross-links are of interest, 
spectra containing this signal can be excluded from analysis. This limits the 
possibilities for identification for specific spectra, thereby reducing the number 
of false positive identifications.

To conclude, the selective enrichment of cross-links aids enormously in 
the analysis of this type of rare peptides in complex samples. However, the 
main challenge in cross-linking research remains the automated analysis of 
fragmentation spectra, reliably identifying the peptides that are involved in a 
cross-link. 
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Studying regulation of protein synthesis

Another field of proteome dynamics our enrichment method can be applied to is 
the study of protein synthesis and the regulation of protein synthesis. Recently 
our group described the use of pulse labeling with azidohomoalanine (azhal) 
and combined fractional diagonal chromatography (COFRADIC) in combination 
with an azide-specific cleavage reaction13, 19, 20 to study the transition of E. coli from 
aerobic to anaerobic growth conditions21. In this way over 200 newly synthesized 
proteins in E. coli could be identified in a 10 minute labeling time frame. Out of 
the 160 quantified proteins, the majority of up-regulated proteins were found to 
be involved in glycolysis and pathways aimed at avoiding glycolysis grinding 
to a halt by a high NADH/NAD+ ratio. Comparison with micro-array data from 
literature suggests that the early induction of proteins involved in anaerobic 
energy metabolism is regulated primarily at a post-transcriptional level. 

To further confirm these observations and to study the anaerobic transition of E. 
coli in more detail, information is required on both protein synthesis and mRNA 
levels. Short pulse labeling with azhal, in the order of a few minutes, allows 
to determine protein synthesis in response to anaerobic stress at specific time 
points after the change. Relative quantification makes it possible to determine 
the response time and the pathways involved at specific time points. Comparison 
with mRNA levels at the same time points will reveal the level of regulation. When 
an equivalent increase (or decrease) in both mRNA concentration and protein 
synthesis is observed, regulation is most likely to take place at transcriptional 
level. A discrepancy between the two will indicate regulation at translational 
level. 

Growth of E. coli in batch cultures for two minutes on azhal22 yields replacement 
of around 2% of the methionine residues by azhal. Protein isolation and tryptic 
digestion results in a peptide mixture with around 0.5% azhal-containing 
peptides (25% of tryptic peptides from E. coli proteome contain methionine). 
These low amounts of modification cannot be detected with the COFRADIC 
approach. However, enrichment of the azide-containing peptides by the ARCO-
resin and subsequent mass spectrometric analysis allowed identification of more 
than 130 azhal-containing, newly synthesized, proteins23. The identification of 
proteins synthesized in such a short time frame has not been reported before and 
it shows the sensitivity of the method.

The successful identification of newly synthesized proteins in a time window 
of only two minutes makes it possible to use the enrichment method to study the 
regulation of protein synthesis. As discussed in Chapter 1, for complete labeling 
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of newly synthesized proteins by azhal, E. coli should be grown in methionine 
depleted medium. The lower affinity of the aminoacyl tRNA synthetase for 
azhal compared to methionine, requires removal of residual methionine before 
labeling with azhal. When growing E. coli in batch cultures, methionine is 
removed by extensive washing of the culture before continue growth in presence 
of azhal20, 21. However, for short labeling periods the effect of the washing might 
be of greater influence than the perturbation applied. To circumvent the need 
of washing, methionine auxotroph E. coli strains can be grown in methionine 
limited continuous cultures. Under these conditions no methionine is present in 
the cell culture and addition of azhal will allow ‘immediate’ incorporation of the 
amino acid into proteins.

Future experiments will include pulse labeling experiments with azhal by 
growing E. coli in continuous cultures. Newly synthesized proteins are labeled 
by growing the culture for two minutes on azhal under chosen conditions. For 
example, to study the response to anaerobic stress, cultures are grown for two 
minutes on azhal under aerobic conditions, as the control sample (t = 0 min), 
and under anaerobic conditions, at specified time points after onset of the 
perturbation. This allows to determine the relative protein synthesis in time in 
response to anaerobic conditions. Comparison with mRNA levels at the same 
time points will then reveal the level of regulation of protein synthesis upon the 
transition of aerobic to anaerobic conditions. In a similar way, adaptation to other 
perturbations can be studied. 

In addition to E. coli, labeling of newly synthesized proteins by azhal has 
been shown to be successful for eukaryotic cells24, 25. Human embryonic kidney 
(HEK)293 cells were grown for 3 hours on azhal and deuterated leucine, after 
which newly synthesized azhal-containing proteins were purified via a alkyne-
biotin tag and analyzed by mass spectrometry24. Most recently, newly synthesized 
proteins have been visualized in situ in neurons from the rat hippocampus by 
pulse-labeling on a proteome-wide level with azhal (or homopropargylglycine) 
and subsequent tagging with azide (or alkyne)-reactive fluorescent tags25. As 
well, the mobility of newly synthesized membrane proteins in living neuron was 
imaged by coupling of quantum dots to the azhal-labeled proteins. 

These two examples from literature show that the pulse-labeling strategy to 
study protein synthesis on a proteome-wide level is not limited to E. coli and can 
be extended to study other organisms and types of cells as well. However, for 
each organism or cell type the growth on azhal should be investigated first; in 
our hands it has been observed that when azhal instead of methionine is used 
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in the growth medium, the yeast Saccharomyces cerevisiae does not grow and the 
gram-positive bacterium Bacillus subtilis grows after a lag phase of one hour, 
making pulse-labeling of newly synthesized proteins by azhal impossible for 
these organisms26.

Future
The study on the regulation of protein synthesis for immediate adaptation to 
changing environmental conditions opens possibilities to gain knowledge on 
regulatory mechanisms in the cell. First, the method described in this thesis 
can be used to study the effect of different types of (stress) conditions on the 
synthesis of proteins and determine at the same time the level of regulation by 
comparison with mRNA levels, as described in the previous section. Second, 
when information is obtained on the level of regulation of protein synthesis, the 
mechanisms of action become interesting for further study. 

Regulation of protein synthesis can be attained on transcriptional and 
translational level. For transcriptional regulated proteins, mRNA levels are 
directly correlated to protein levels. However, often this is not or modestly true, 
and a recent study even shows that in single cells of E. coli there is no correlation 
at all between protein and mRNA copy numbers27, which suggests a much more 
important contribution of regulation on post-transcriptional level.

Post-transcriptional regulation in prokaryotes is known for a long time, but 
only the last decade the importance of regulation at this level is more appreciated. 
This has been initiated by the discovery of large numbers of small regulatory 
RNAs in E. coli and other bacteria28-31. These regulatory RNAs are known as small 
RNAs (sRNAs) or non-coding RNAs (ncRNAs). Two classes of sRNAs known 
to regulate translation of mRNA are: i) cis-encoded base pairing sRNAs and ii) 
trans-encoded base pairing sRNAs32, 33. The first class is encoded cis on the DNA 
strand opposite of the target RNA and is highly complementary to its target 
mRNA. Most often this type of sRNAs is localized on plasmids or on bacterial 
chromosome. The second class of sRNAs is trans-encoded and does not have a 
defined chromosomal location. It has limited complementarity to its target mRNA 
and interactions are mostly mediated by the RNA chaperone Hfq33, 34. This leads 
to inhibition of translation, though positive regulation by Hfq has been reported 
as well 35. Often specific sRNAs are directed towards multiple targets, allowing 
simultaneous regulation of a set of genes in response to a physiological process 
by expression of a single sRNA. 

However, despite an increasing number of identified sRNAs, the precise 
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mechanisms of action (mediated by Hfq) and physiological implications remain 
unclear33. The identification of genes that are translationally regulated in response 
to a specific perturbation, like anaerobic conditions, will allow identification of 
candidate (common) sRNA binding sites by comparison of transcript sequences 
of these genes. Hfq-binding sRNAs can be identified by co-immunoprecipitation 
of the RNAs with Hfq (as reported by Durand and Storz36, however data has not 
yet been published). Combining these results will reveal (part of) the regulatory 
mechanism sRNA and Hfq are involved in for translational regulation of protein 
synthesis. The use of our method will thereby contribute to the understanding of 
the mechanism of post-transcriptional regulation.

Conclusion
In this thesis an enrichment method is presented to study proteome dynamics 
by mass spectrometry. It selectively enriches azide-containing peptides from 
complex peptide mixtures, allowing identification of newly synthesized 
proteins and enhancing structure analysis of proteins by chemical cross-linking. 
Development of such a method is however not straightforward and many 
hurdles have to be taken before a method is obtained that gives satisfactory 
results to study the different fields of proteome dynamics. Improvements of 
the method are expected to be obtained by the use of a less hydrophobic, more 
reactive cyclooctyne. The enrichment method will further gain in sensitivity and 
less material will be needed. 

Enrichment of the azide-containing peptides allows studying parts of the 
proteome that have not been visualized before. It makes it feasible to study 
interactions between proteins in large protein complexes. In addition, as discussed 
in this chapter, it has great potential to contribute to unravel the mechanisms 
of regulation of protein synthesis upon environmental changes. Knowledge on 
these levels of proteome dynamics will reveal regulatory circuits underlying 
cellular adaptation and give insight on cellular behavior.
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To understand the basic principles of life, knowledge of the behavior of 
cells at the molecular level is needed. One key aspect is the dynamics 

of the cellular proteome, the proteins present in the cell at a given moment. 
Cellular proteome dynamics comprises changes in protein synthesis rates, post-
translational modifications and protein-protein interactions on a proteome-
wide scale. Information on these different levels will reveal regulatory circuits 
underlying cellular adaptation and thereby give insight on cellular behavior. 
In this thesis the development of enrichment methods directed towards azide-
containing peptides aimed at mass spectrometric analysis of the different aspects 
of proteome dynamics is described.

In Chapter 2 the development of an enrichment method based on covalent 
capturing on solid phase is described. Different solid supports, cleavable linkers 
and reactive groups have been used to synthesize different types of resin. Peptides 
containing the unnatural azide-containing amino acid azidohomoalanine (azhal) 
were used to test the compatibility and applicability of the methods.

As an alternative for covalent capturing of azide-containing peptides on a solid 
phase, the possibilities of affinity purification based on fluorous solid phase 
extraction (FSPE) have been explored, which is described in Chapter 3. Cleavable 
fluorous tags directed towards cysteine- and azhal-containing peptides have been 
designed and synthesized. Even though some promising results were obtained, 
successful application of fluorous solid phase extraction still needs optimization, 
both on the labeling, the enrichment and analysis side. 

Chapter 4 presents a general enrichment method based on covalent capturing 
of azide-containing peptides by the azide reactive cyclooctyne (ARCO) resin 
to study the different aspects of proteome dynamics by mass spectrometry. To 
study protein structures by chemical cross-linking and mass spectrometry, the 
method was used to enrich peptides derived from cytochrome c treated with 
the azide-containing cross-linker bis(succinimidyl)-3-azidomethyl glutarate 
(BAMG). Sequestration of peptides derived from an Escherichia coli proteome, 
pulse labeled with the bio-orthogonal amino acid azidohomoalanine as substitute 
for methionine, allows identification of numerous newly synthesized proteins. In 
this study, the method is found to be very specific, as after enrichment over 87% 
of all peptides contain (modified) azidohomoalanine.
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In Chapter 5 the use of the ARCO-resin has been optimized to study protein 
structures by chemical cross-linking and mass spectrometry. The inclusion of 
strong cation exchange (SCX) after enrichment by the ARCO-resin of peptides 
cross-linked by the azide-containing cross-linker BAMG allowed selective 
isolation and identification of the structure informative type 2 cross-links. For 
two proteins, cytochrome c and NK1, a natural splice variant of hepatocyte 
growth factor/scatter factor (HGF/SF), nearly all lysine residues were found to 
be modified. Furthermore, for NK1 a type 2 cross-link was identified that suggests 
the protein in solution can have a different structure than observed in crystals.

Finally, Chapter 6 discusses the developed enrichment method; improvements 
are presented and possible applications are discussed. Future experiments 
are described to use the enrichment method to study the level of regulation 
of protein synthesis in Escherichia coli. The use of the information acquired on 
proteome dynamics for further research is also discussed. This will bring us a 
little bit closer to understanding the molecular mechanisms that are responsible 
for cellular adaptation and thereby to understanding the living cell.



Samenvatting

124

Om het leven te kunnen begrijpen is kennis van het gedrag van cellen op 
moleculair niveau nodig. Een belangrijk aspect hiervan is de dynamiek 

van het cellulaire proteoom, alle eiwitten die op een specifiek moment aanwezig 
zijn in de cel. Onder de dynamiek van het proteoom vallen de veranderingen 
in de eiwitsynthesesnelheden, post-translationele modificaties en eiwit-eiwit 
interacties op proteoomwijde schaal. Informatie op deze verschillende niveaus 
zal de onderliggende mechanismen aan het licht kunnen brengen die betrokken 
zijn bij adaptatie van cellen, en daarmee inzicht geven in cellulair gedrag. Dit 
proefschrift beschrijft de ontwikkeling van verschillende methoden gericht op het 
verrijken van azide-bevattende peptiden voor analyse met massaspectrometrie 
om de verschillende aspecten van de dynamiek van het proteoom te kunnen 
bestuderen.

In Hoofdstuk 2 is de ontwikkeling van een verrijkingsmethode voor azide-
bevattende peptiden beschreven die gebaseerd is op het vangen van moleculen 
op een vaste drager. Verscheidene vaste dragers, splitsbare linkers en reactieve 
groepen zijn gebruikt om verschillende soorten hars te maken. Peptiden met 
het niet-natuurlijke azide-bevattende aminozuur azidohomoalanine (azhal) zijn 
gebruikt om de compatibiliteit en de toepasbaarheid van de methoden te testen.

Als alternatief voor het vangen van azide-bevattende peptiden op een vaste 
drager, zijn de mogelijkheden van affiniteitzuivering door middel van fluorous 
solid phase extraction (FSPE) onderzocht, beschreven in Hoofdstuk 3. Deze 
affiniteitzuivering maakt gebruik van de interacties tussen fluorbevattende 
koolstofverbindingen. Gefluorideerde labels met verbreekbare linkers en gericht 
op cysteïne- of azhalbevattende peptiden zijn ontworpen en gesynthetiseerd. 
Hoewel er enkele veelbelovende resultaten zijn verkregen, zal de methode 
moeten worden geoptimaliseerd om dit type van affiniteitzuivering te kunnen 
toepassen op complexe peptidenmengsels. 

Hoofdstuk 4 beschrijft een algemene methode die gebaseerd is op de verrijking 
van azide-bevattende peptiden via een covalente reactie op de azide reactieve 
cyclooctyn (ARCO) hars. Hiermee is het mogelijk om de verschillende aspecten van 
de dynamiek van het proteoom te kunnen bestuderen met massaspectrometrie. 
Om eiwitstructuren te kunnen bestuderen met chemische cross-linking en 
massaspectrometrie, is de methode gebruikt om peptiden te verrijken die 
afkomstig zijn van cytochroom c behandeld met de azide-bevattende cross-linker 
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bis(succinimidyl)-3-azidomethylglutaraat (BAMG). Verrijking van peptiden 
afkomstig van een Escherichia coli proteoom, korte tijd gelabeld met het bio-
orthogonale aminozuur azhal als substituut voor methionine, maakt het mogelijk 
om een groot aantal nieuw gesynthetiseerde eiwitten te identificeren. Verder 
blijkt uit deze studie dat de ontwikkelde methode zeer specifiek is; na verrijking 
bevat meer dan 87% van alle geïdentificeerde peptiden het (gemodificeerde) 
azhal residu. 

In Hoofdstuk 5 is het gebruik van de ARCO-hars geoptimaliseerd om 
eiwitstructuren te bestuderen met chemische cross-linking en massaspectrometrie. 
Door na de verrijking van de azide-bevattende gecross-linkte peptiden met de 
ARCO-hars deze verder te scheiden met een sterke kationwisselaar (SCX), is 
het mogelijk om selectief de structuur informatieve type 2 cross-links te isoleren 
en identificeren. Voor twee eiwitten, cytochroom c en NK1, een natuurlijk 
voorkomende splitsingsvariant van hepatocyte growth factor/scatter factor (HGF/
SF), zijn bijna alle lysineresiduen gemodificeerd teruggevonden. Verder is er 
voor NK1 een type 2 cross-link geïdentificeerd die suggereert dat de structuur 
van dit eiwit in oplossing verschilt van degene die in kristallen is gevonden. 

Hoofdstuk 6 bespreekt de ontwikkelde verrijkingsmethode voor azide-bevattende 
peptiden; mogelijke verbeteringen worden aangedragen en verschillende 
toepassingen van de methode worden besproken. Verder worden experimenten 
beschreven om de verrijkingsmethode te gebruiken om het niveau van 
regulering van de eiwitsynthese in Escherichia coli te bestuderen. Daarnaast 
wordt aangegeven hoe de verkregen informatie, met betrekking tot de dynamiek 
van het proteoom, kan worden gebruikt voor toekomstig onderzoek. Dit brengt 
ons een stap dichterbij tot het begrijpen van de moleculaire mechanismen die 
verantwoordelijk zijn voor cellulaire adaptatie en daarmee tot het begrijpen van 
de levende cel.
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