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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. 
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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 

a-I

b-I

c-I

a-II

b-II

c-II

*

*

**

**

*

*

**

**

I

II

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.  



Fluorous solid phase extraction (FSPE)

59

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. 
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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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