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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 1, Azide-reactive cyclooctyne (ARCO)-resin.
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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.



General Discussion

113

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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