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ABSTRACT: Perfluorinated organic compounds (PFCs) are nontoxic,
biocompatible, bioavailable, and bioorthogonal species which possess the
unique ability to segregate away from both polar and nonpolar solvents
producing a compact fluorophilic phase. Traditional techniques of
fluorous chemical proteomics are generally applied to enrich biological
samples in target protein(s) exploiting this property of PFCs to build
fluorinated probes able to covalently bind to protein ensembles and being
selectively extracted by fluorophilic solvents. Aiming at building a strategy
able to avoid irreversible modification of the analyzed biosystem, a novel
fully noncovalent probe is presented as an enabling tool for the
recognition and isolation of biological protein(s). In our strategy, both
the fluorophilic extraction and the biorecognition of a selected protein
successfully occur via the establishment of reversible but selective interactions.

When fluorine, the most electronegative element in the
periodic table, substitutes hydrogen atoms in the

framework of a bioactive organic molecule, its unique chemical
properties deeply affect the physiochemical characteristics of
the original hydrocarbon species,1,2 e.g., by improving its
metabolic stability,3,4 bioavailability,5,6 and binding affinity.7

Perfluorinated organic compounds (PFCs), characterized by
the complete substitution of a CmHn framework with a CmFn
chain, are nontoxic,8,9 biocompatible, bioavailable, and
bioorthogonal10 species largely exploited in vivo as enabling
tools for innovative supramolecular bioapplications.11−14 As an
example, PFCs offer the possibility of acquiring in vivo imaging
data through the application of 19F-magnetic resonance
spectroscopy (MRS) and 19F magnetic resonance imaging
(MRI).15−20

Interestingly, PFCs also possess the ability to segregate away
from both polar and nonpolar solvents, producing a compact
separated fluorophilic phase, i.e., the fluorous phase.13,21 This
peculiar feature allows a wide number of biological applications
ranging from their exploitation as fluorosurfactants8,22−25 in
the field of nanotechnological drug delivery14,26−30 to fluorous
solid phase extraction (F-SPE)31 to be applied, e.g., in the
development of innovative strategies of fluorous chemical
proteomics.10,32−34

In general, fluorous-based chemical proteomics is employed
to enrich samples of biological origin in specific peptide
subsets and relays on the use of ad hoc designed perfluorinated
probes35−39 to extract target protein(s), e.g., from cell lysates
or crude biological samples. Biotin/avidin- or streptavidin-
based systems are noteworthy examples of this strategy in

which fluorolabeled biotin interacts and “tags” protein via
chemical reactions with the ε-amino group of lysine residues
allowing the selective extraction and recognition of tagged
proteins.40−44 While the fluorophilic interactions involved in F-
SPE are, by definition, noncovalent, the mechanisms of action
of the fluoro-labeled probes employed in “classical” fluorous
proteomics are mainly based on the establishment of a strong
covalent bond with their biomolecular target(s). This kind of
approach, even if successful, is not free from drawbacks. In fact,
the building of a covalent bond with biological entities
necessarily produces an irreversible modification of the
analyzed system that, combined with the common use of cell
lysates, precludes both the survival of the biological system (de
facto preventing the possibility of conducting multiple
experiments) and harms the integrity of the collected data.
Moreover, the selectivity of biotin/avidin-based systems can
often be impaired by the aspecific biorecognition of undesired
protein ensembles, thus obstructing the possibility of building
selective systems to study the specific pattern of interactions of
a bioactive molecule, i.e., the interactome of a drug.
With the aim of merging the possibility of conducting in-line

analysis (MRI or MRS) and F-SPEs while conveniently
interacting with selected biological protein-target(s) through
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a network of noncovalent bonds established with specific hot-
spot residues, we designed and built perfluorinated, peptide-
conjugated probes for protein(s) recognition and isolation
(Figure 1). The design of our novel probes was based on the

identification of three distinct regions: a perfluorinated alkyl
chain acting as fluorophilic tag, a bioactive portion able to
reversively interact with selected hot-spots in protein target(s),
and a linking region between the two listed cores.
A perfluorinated medium-length C7F15 alkyl chain was

selected as fluorophilic tag. Starting from commercially
available 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctan-1-
ol, our first building block (A) was obtained via a
straightforward derivatization with α-bromoacetic acid45 (see
Supporting Information). The free carboxylic acid group was
inserted to allow further derivatization by simple peptide
coupling chemistry, while the ether bond served as spacer
between the fluorophilic moiety and the still to be implanted
bioactive portion (Figure 2). As a proof of concept, we decided

to use papain, a well characterized cysteine protease (MW = 23
kDa, EC number: 3.4.22.2) studied, e.g., as a template for the
structure-based design of Cathepsin K inhibitors,46 as model
protein. As reported in the literature, papain is prone to
inactivation by the covalent modification of the cysteine
residues characterizing its active site mediated by diazomethyl
ketones.47,48

Moreover, and most importantly to us, the tetrapeptide
GGYR49 was described as a noncovalent active-site ligand
successfully applied in ionic-strength dependent affinity
chromatography experiments.
Thus, two perfluorinated papain-interacting probes (1 and 2,

Figure 3) were designed and synthesized (for synthetic details,
see Supporting Information) to be applied in two different

experiments of papain recognition and isolation via F-SPEs.
The performances of probes 1 and 2 as active site inhibitors
were verified by running a spectrophotometric assay following
literature procedures47−49 (for details, see Supporting In-
formation).
A F-SPE routine experiment was built (Figure 4). Briefly, a

commercially available preparation of papain from Carica
papaya (known to be fraught with protein contaminations) was
chemically activated and incubated in the presence of one of
the two fluorophilic probes. After that, the F-SPE was run
using a simple Teflon cartridge loaded with a C8 reverse phase
perfluorinated resin (C8−F resin) collecting fractions using a
“fluorophilic gradient”. The diazomethyl ketone-based probe
(1) was prepared and used to validate the described
experimental workflow following a traditional covalent
approach to isolate papain. Control experiments were designed
and conducted as well.
At first, a reproducible protocol for papain activation and

fluorous tagging was built. Specifically, the protein (6.7 mg,
145 μM) was dissolved in PB-buffer (85 mM, pH 6) and
incubated in the presence of β-mercaptoethanol (21 mM) and
EDTA (9 mM) for 45 min at 25 °C. Freshly activated papain
was then incubated with an excess of the perfluorinated probe
(40 mg, 5 mM, 15 min, 15 °C) allowing its binding to the
inhibitory peptide sequences.
Given the peculiar wettability properties of perfluorinated

resins, papain loading onto the C8−F resin from the
mentioned aqueous solution needed to be carefully inves-
tigated. Water is indeed a highly fluorophobic medium which
does not allow the establishment of proper interactions
between dissolved tagged proteins and the perfluorinated
beads. To overcome this issue, we needed to increase the
fluorophilic character of the papain aqueous solutions we were
working with by adding a proper amount of a fluorophilic
solvent, i.e., methanol.
Thus, papain conformational stability toward methanol, a

crucial issue to be assessed for the development of our “f ishing”
method, was investigated via CD-analysis (as reported in the
Supporting Information). Papain retained its native folding in
the presence of the 25% v/v of methanol and was found still
partially folded when dissolved in a 50% v/v mixture of
methanol and PB buffer. Therefore, a solution of freshly
activated papain treated with probe 1 (4.4 mM) was incubated
under gentle orbital shacking (50 rpm) for 5 min with the C8−
F resin in the presence of methanol (25% v/v). After the
loading step, we then proceeded with the elutions working in
gradient of fluorophilicity. At first, we eluted with 0.5 CV of
distilled water to remove the activating/loading solutions. Four
CV were then used to theoretically wash from the resin all the
water-soluble substances (e.g., buffer salts) and, if any was

Figure 1. Representation of the noncovalent interaction between
fluoro-labeled probe and its protein target. The yellow-gray layer of
PFCs is depicted in the act of surrounding the fluorophilic portion
(red dots) of the probe which is interacting with papain through its
peptide bioactive portion (cyan dots) connected to the fluorous-tag
via a linking region (green).

Figure 2. Structure of the common fluorophilic building block (A).

Figure 3. Structures of perfluorinated probes 1 and 2.
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present, unbound papain. Fluorophilic elutions were then
conducted using pure methanol as the mobile phase. Since
proteins are known to tightly interact with solid supports to the
point that the enzymatic adsorption onto resin beads can be
done by simple “salting-out strategies” from concentrated
solutions and given the outstanding stability of papain toward
denaturing media, a strongly fluorophilic and acid elution (4
CV) was also conducted using a 20% v/v solution of
trifluoracetic acid (TFA) in trifluoroethanol (TFE) to ensure
that all the supported papain was properly eluted. The three

different sets of collected eluates were concentrated in vacuo
removing any traces of organic solvents. Residues were
weighed, taken up with water (0.25 CV), and then analyzed
by qualitative means (run in 250 μL 96-well plate),
quantitative Bradford assays, SDS-PAGE, and, when necessary,
high-resolution mass spectrometry.
Figure 5 summarizes the results obtained from the

mentioned elution experiment. As can be seen both by the
bright blue color of the in-plate Bradford assay (Figure 5A)
and by the band detected at ca. 20 kDa in SDS-PAGE (Figure

Figure 4. Experimental workflow for protein recognition and isolation.

Figure 5. Results of the F-SPE in the presence of the covalent probe 1. (A) Qualitative in-plate Bradford analysis: 1, water washings; 2, methanolic
elution; 3, eluates collected in 20% TFA in TFE. (B) SDS-PAGE. Control experiment: A, water and B, methanolic washings; C, highly fluorophilic
eluates. Fluorophilic papain isolation: D, water washings; E, methanolic eluates; F, highly fluorophilic eluates; G, MW markers; H, standard of
papain.
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5B), some unbound papain (ca. 2 mg) was recovered in the
water eluates. Interestingly, according to our hypothesis
regarding the possible establishment of tight protein−resin
interactions, the subsequent methanolic eluates were found to
be void of any protein materials. Instead, papain was
successfully and selectively recovered (ca. 4 mg) in the highly
fluorophilic and acidic eluates composed by the 20% v/v TFA
in TFE (Figure 5A and B). High-resolution mass analysis
(methods and obtained data are reported in extenso in
Supporting Information) were conducted on the highly
fluorophilic eluates to further confirm the nature of the
isolated protein materials. According to what was highlighted
by SDS-PAGE (Figure 5B), the 20 kDa band was successfully
identified as a mixture of all the different isoforms of papain
contained in the commercially available source used.
Moreover, to confirm the selective, fluorophilic retention of

the fluoro-labeled papain on the C8−F resin after washing, a
control experiment was run by subjecting papain to the
described process (the summarized method is reported in
Supporting Information) but in the absence of probe 1. All the
loaded papain (ca. 6 mg) was washed from the C8−F resin
during the first steps of water and methanolic washings. No
protein was instead found in the highly fluorophilic TFA/TFE
eluates as demonstrated by the SDS-PAGE presented in Figure
5B.
The experiments run using probe 1 allowed us to both

validate the experimental workflow proposed (Figure 4) and
gain some crucial information to build the consequent
noncovalent protein isolation using probe 2.
Specifically, the absence of protein in the methanolic eluates

suggested to us how the simplified “fishing system” depicted in
Figure 1 could be actually far from being the real and/or only
operating mechanism at the basis of the observed selectivity.
Despite remarkable papain stability toward methanol, in fact, it
could be argued that the methanolic elutions should be
fluorophilic and denaturing enough to fully recover all the
papain bound to the resin in virtue of its covalently attached
fluorous tag.
The experimental data collected, however, showed a

different situation in which the majority of all the protein

material loaded on the resin could be isolated only after an
elution with a strong fluorophilic and acid media (20% v/v
TFA in TFE). To the best of our knowledge, this evidence
should suggest a more complex interacting mechanism
between the fluoro-tagged protein(s) and the resin itself
(Figure 6).
As it is known, proteins are characterized by a specific and

peculiar folding, i.e., their native 3D-structures which are at the
basis of their biological functions. The processes of peptide
folding and unfolding, however, can be described as a complex
conformational equilibrium which delineates an ensemble of
accessible protein conformations which are characterized by
different superficial chemophysical properties. A noteworthy
example is represented by the “molten globular state”, an
extended definition which includes various types of partially
folded and unfolded protein states in response to local
denaturing conditions. In this scenario, it can be reasonable to
hypothesize that fluorous-tagged papain when immobilized
onto the resin in virtue of the perfluorinated tag could also
interact with the C8−F resin itself and, thanks to the discussed
conformational dynamics, be physically adsorbed on it. In fact,
as described in detail in the literature,50 the driving force for
protein adsorption onto solid supports seems to be represented
by the entropy gain which arises from the release of surface
adsorbed water and buffer salts and from structural rearrange-
ments inside the protein. Accordingly, after loading and water
washings in which the majority of the buffer salts and unbound
proteins are eluted, papain, in virtue of its binding to the
fluorophilic tag, could find itself spatially near enough to the
highly hydrophobic C8−F resin to allow its adsorption onto
the resin beads (Figure 6). This kind of interaction would
explain why the use of only methanol resulted in a not-strong-
enough mobile phase to recover papain in the described
experiment run with probe 1.
Once we verified the applicability of the designed

recognition/isolation method relying on the perfluorinated
covalent probe 1, the same protocol and workflow were
applied this time using the fully noncovalent probe 2. Given
the low water-solubility of probe 2 and the fact that we wanted
to demonstrate that a fully noncovalent approach could be

Figure 6. Schematic representation of the hypothesized papain adsorption onto the C8−F resin. (1) Tagged papain is loaded and unbounded
proteins and probes are eluted during water washings which remove also buffer salts. (2) Given the hydrophobicity of C8−F resin, loaded papain,
which is positioned near the resin thanks to the presence of the perfluorinated tag, finds itself during the methanol washings in an environment
largely impoverished in water and can be adsorbed on the resin surface. (3) Papain is finally released from the resin only after the highly fluorophilic
TFA/TFE elutions which alter the pH and ionic strength of the medium, two factors reported to be crucial in protein adsorption and desorption on
and from solid surfaces.50
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applied on a sub-micromolar scale, its concentration was
lowered from 4.4 mM (probe 1) to 50 μM during the protein
recognition/extraction experiments.
Obtained results are summarized in Figure 7 which shows

the qualitative in-plate Bradford assay and SDS-PAGE of the
collected eluates.
Given the fact that noncovalent interactions are reversible by

definition and that a substoichiometric amount of probe 2 was
used in this experiment, papain was successfully and selectively
recovered in the highly fluorophilic eluates, although to a lower
extent (ca. 1.5 mg) when compared to the experiment
involving the covalent probe (1). Accordingly, the qualitative
Bradford assay of the TFA/TFE eluates resulted in a less
intense blue coloring (Figure 7A) as well as the reference 20
kDa band in the SDS-PAGE, which was clearly visible anyway
(Figure 7B). This finding appeared to us as a logical
consequence of the noncovalent interactions established
between probe 2 and papain, which are by definition reversible
and weaker than the ones operating in the former experiments.
Moreover, since methanol is present in the medium used to
load the noncovalently tagged papain to the C8−F resin, a part
of the complexed probe 2 could be released from the papain
active site resulting in a loss of efficacy and decrease in the
amount of isolated protein material. A larger amount of
unbound papain (4 mg) was in fact recovered during water
washings as shown both by Bradford assay and by SDS-PAGE
(Figure 7). Nevertheless, protein leakage in the methanolic
elutions was not found, as eluates appeared void of any protein
materials (Figure 7). This finding further supported our
hypothesis of a crucial resin−protein interaction established by
the presence of the fluorous tag which could act as a “linker
system” able to spatially get the peptide backbone close to the
resin beads resulting in its tight adsorption.
In this work, we successfully demonstrated that a

convenient, fully noncovalent strategy of protein recognition
and isolation can be built using PFCs as versatile and nontoxic
tagging system. Using the peptide-decorated probe 2, in fact,
papain was indeed recognized by the GGYR moiety via the

establishment of reversible, noncovalent interactions within its
active site. Nonetheless, these reversible bonds were still able
to promote the selective retention on the C8−F resin of a
sufficient amount of C7F15-labeled papain to be detected in
SDS-PAGE and HR-mass spectrometry after its selective
release from the solid support using a strong fluorophilic eluent
after water and methanolic washings. Moreover, given the fact
that the molecular skeleton of our perfluorinated probes can be
easily modified via synthetic chemistry, the reported strategy
appears to be generally applicable for the recognition and
isolation of protein targets different from papain. In fact,
according to the scheme proposed in Figure 1, probe 2 has
been designed to contain a perfluorinated moiety (red spheres)
linked to a bioactive moiety (cyan portion) which could be
easily replaced with another peptide sequence or small
molecule. The nature and the specificity of the selected
bioactive portion will be crucial as well for the enrichment in
the desired analytes when dealing with complex biological
matrices which would contain different types and concen-
tration of contaminants. Nonetheless, our experimental
workflow resulted in a quite simple and user-friendly apparatus
which can be reproduced using ordinary laboratory supplies/
instruments and analytical techniques.
In the light of these considerations, our investigation about

noncovalent probes for protein detection and isolation will
now be focused on the selective extraction of target protein
from complex peptide matrices even of biological origin
focusing the design of our fluoro-labeled probes on interesting
and still target-less bioactive molecules.
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