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Here we report a new strategy to separate and enrich cell membrane proteins by means of pillararene-based
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host—guest recognition and magnetic solid-phase extraction. Due to the high affinity between a water-soluble
per-phosphate pillar[Slarene (WP5-P) and its cationic guest, after coating WP5-P on the surface of FesOg4
nanoparticles, the modified nanoparticles exhibited both magnetic responsiveness and host—guest recognition

ability. Furthermore, the WP5-P modified magnetic nanoparticles were successfully applied in separating and
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Introduction

Cell membrane proteins, which interact with or are part of
biological membranes, play indispensable roles in cell life,
including transportation,’ intercellular communication,” mole-
cular recognition® and signaling cascades.* Therefore, it is
necessary to figure out the structures of these proteins and
how they regulate or respond to cellular signals. These studies
will further benefit drug design and even help us to understand
the therapies of diseases from the molecular level.” Up to now,
several feasible methods have been developed to analyze cell
membrane proteins,®” typically mass spectroscopy based protein
analysis.® Although powerful in their abilities to analyze protein
compositions or protein-protein interactions, the efficiency
and effectiveness of these methods are limited by the low purity
and concentration of proteins. To improve the isolating efficiency of
membrane proteins, numerous approaches have been established,
such as aqueous two-phase extraction and gradient centrifugation.’
These two methods exhibit non-denaturing and mild conditions
for protein separation, but the purity requires amelioration.
Another well-developed strategy is the biotin-streptavidin (BT-SA)
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enriching guest-tagged cell membrane proteins by means of an external magnetic field from a cell lysate.

system-based solid-phase extraction (SPE), in which living cells
are incubated with water-soluble and membrane-impermeable
reactants (biotinylation reagents), followed by capturing
the biotinylated membrane proteins with streptavidin-coated
insoluble beads.'® The BT-SA system is frequently used for cell
membrane protein separation due to its high affinity and
specificity. Nevertheless, there are still some inevitable draw-
backs. For example, endogenous biotin or naturally biotinylated
intracellular proteins tremendously interfere with the separation
process.'” Moreover, owing to the protein nature of streptavidin,
enzymes, high temperature or other harsh conditions signifi-
cantly impair the effectiveness of the BT-SA system because of
the degradation of streptavidin or detachment from the beads."?
In view of these flaws, finding new methods for fishing cell
membrane proteins with specificity and convenience is still a
challenge.

Here we show that the challenge of finding new enrichment
methods for cell membrane proteins can be tackled via the
emerging supramolecular chemistry by combining pillar[5]arene-
based host-guest interactions and magnetic solid-phase extraction
(MSPE). Pillararenes, a new class of supramolecular hosts after crown
ethers,"? cyclodextrins (CD),'* calixararenes'® and cucurbiturils
(CB),'® have attracted a lot of attention due to their unique
host-guest properties.’”” Since the host-guest interactions
between water-soluble anionic or neutral pillararenes and
cationic guests (such as ammonium, imidazolium and pyridinium
salts) are highly selective and reliable,'® it’s important to explore the
application of pillararene-based host-guest chemistry in the field of
protein separation. As shown in Scheme 1, since the phosphate
group is much more stable on the surfaces of magnetic nano-
particles (Fe;0,, MNP) than the carboxylic acid group,'® we synthe-
sized a water-soluble per-phosphate pillar[5Jarene (WP5-P) with an
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Scheme 1 (a) Structures and cartoon representations of WP5-P, MNP-P5 and
guest molecules. (b) Cartoon representations of the host—guest recognition-
involving MSPE strategy for membrane protein separation. The membrane
proteins are labelled with imidazolium guests by EDC coupling, and the labelled
proteins are selectively recognized by MNP-P5 via host—guest interactions in the
cell lysate. Upon exposure to a magnetic field, the captured proteins can be
separated from the cell lysate and released by heating.

easy procedure and coated it on the surfaces of MNP. These coated
nanoparticles, MNP-P5, were further applied in MSPE. The host-
guest complexation between WP5-P and the imidazolium cation
guest G endowed MNP-P5 with the ability to associate with guest-
labeled molecules including guest-labeled proteins. While a
lysate of the guest-labeled cells was extracted by MNP-P5, the
guest-labeled membrane proteins were successfully separated
and enriched, whereas the intracellular proteins were nearly
eliminated because of the high selectivity in pillararene-based
host-guest recognitions. Moreover, the overall procedure within
the MSPE strategy, which can be rapidly and conveniently
carried out by magnets, is more simple and efficient than the
traditional SPE method.*’

Results and discussion

Studies of host-guest interactions

To study the host-guest interactions between WP5-P>'* and
cationic guests, the imidazolium guest G1 (Scheme 1) was used
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Fig.1 H NMR spectra (400 MHz, D,O, 298 K): (a) WP5-P (10.0 mM);
(b) WP5-P (10.0 mM) and G1 (10.0 mM); (c) G1 (10.0 mM). (d) 2D NOESY
spectrum of a mixture of WP5-P (10.0 mM) and G1 (10.0 mM). The NOE
correlation signals that confirm the host—guest interactions are marked on
the spectrum.

as a model guest because of its simple structure. From the proton
nuclear magnetic resonance (‘“H NMR) spectra of WP5-P, G1 and
their mixture, the peaks related to H,, H,, H; and H, of G1 shifted
upfield, and the peaks related to H, and Hyq of WP5-P shifted
downfield after the complexation, indicating that G1 could be
associated with WP5-P (Fig. 1la—c). Meanwhile, the 2D nuclear
overhauser effect spectroscopy (NOESY) spectrum of a mixture of
WP5-P and G1 displayed NOE correlation signals between protons
H,, H;, and H. of WP5-P and protons H; and H, of G1, providing
convincing evidence of the host-guest recognition between WP5-P
and G1 (Fig. 1d). The association constant (K,) was measured to
be 1.10 x 10° M~ " by isothermal titration calorimetry (ITC, ESL}
Fig. S23) in 1:1 complexation mode.

Synthesis and characterization of MNP-P5

After the establishment of the WP5-P> G1 host-guest recogni-
tion motif, we explored the synthesis of MNP-P5. Briefly, MNP
was synthesized by a co-precipitation method of ferrous and
ferric salts in alkaline medium.?* Then, WP5-P was added into
the freshly prepared MNP. The resulting MNP-P5 was washed
and separated by means of external magnetic force (NdFeB
magnet). Fourier transform infrared spectroscopy (FT-IR) was
used to investigate the binding between WP5-P and MNP. As
shown in Fig. 2a, the IR spectrum of MNP-P5 displayed peaks at
2922 cm ' and 1647 cm ™!, which demonstrated the existence
of alkyl groups and aryl groups, respectively, and no obvious
peaks were shown in the same regions in the spectrum of
uncoated MNP. The broad band centered at 1050 cm™ " probably
indicated the formation of a mono- or binuclear complex
composed of a phosphate ligand and iron atom.*® The successful

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 2 (a) FT-IR spectra of MNP-P5 (black line), MNP (red line) and WP5-P
(blue line). The peaks of the alkyl groups, aryl groups and phosphate—iron
complexation were marked separately with arrows in the spectra. (b) TEM
images of MNP-P5. (c) Photographs of MNP-P5 dispersions before (left)
and after (right) exposure to an external magnetic field (NdFeB magnet).

chemical modification of MNP could be concluded from these
results. The existence of WP5-P was also confirmed by energy-
dispersive X-ray spectroscopy (EDS, ESI,¥ Fig. S24), and the
spectrum showed the content of phosphorus and carbon in
MNP-P5. Moreover, the thermal stabilities of MNP and MNP-
P5 were analyzed by thermogravimetric analysis (TGA, ESL¥
Fig. S25). From the TGA curves, MNP was thermally stable in
an inert atmosphere, but the sample of MNP-P5 lost 10.9% of
weight at 600 °C, which was assigned to the organic coating on
the nanoparticles. The morphology of MNP-P5 was studied by
scanning electronic microscopy (SEM, ESL, Fig. S26) and trans-
mission electron microscopy (TEM, Fig. 2b). Due to the ten
phosphate groups on its two rims, WP5-P acted as a cross-
linker to aggregate MNP to form irregular aggregates with an
average size of nearly 200 nm. However, when these irregular
aggregates were magnified, nearly spherical nanoparticles with
diameters of 5-10 nm were observed. The size of MNP-P5 was
also verified by dynamic light scattering (DLS, ESI,t Fig. S27),
and this was about 239 nm. Besides, due to the negatively
charged WP5-P, the zeta potential of MNP-P5 decreased to
—35.2 mV. Therefore, the nanoparticles showed good stability
in water and could be well re-dispersed after magnetic separa-
tion. Furthermore, we also characterized the magnetic properties
of MNP and MNP-P5 vig a vibrating sample magnetometer (VSM,
ESI, T Fig. $28). Both of them were superparamagnetic at 300 K,>*
and the saturated magnetization (M) value, 54.1 emu g ',
of MNP was larger than the M value, 44.6 emu g~ ', of MNP-
P5. This phenomenon was ascribed to the nonmagnetic shell
coating on MNP.”®> When a suspension of MNP-P5 was exposed
to an external magnetic field, MNP-P5 could be fairly separated
in 20 seconds, indicating the convenience of the MSPE strategy
(Fig. 2c).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Evaluation of the guest capture ability of MNP-P5

In order to evaluate the capture and separation ability of MNP-P5
by the designed MSPE, the coumarin derivative G2 (Scheme 1),
as a cationic guest-containing molecule,"***'” was chosen to
firstly examine the association ability and removal efficiency of
MNP-P5 by measuring the fluorescence of G2 at 400 nm in water.
(ESL T Fig. S29). After incubation with MNP-P5, the fluorescence
of the solution dropped intensively. Moreover, by heating the
nanoparticles to 80 °C, the fluorescence of the supernatant was
nearly recovered. These results indicated that WP5-P hosts on
the surfaces of MNP-P5 could associate with cationic guests.

Furthermore, the protein capture ability of MNP-P5 was
evaluated by using imidazolium labeled hemoglobin Hb-G as a
model protein owing to its distinct color and UV absorbance at
405 nm. After incubation of MNP-P5 (1.00 mg) with a solution of
Hb-G (ca. 1.00 mg mL ", 1.00 mL) in phosphate buffered saline
(PBS), MNP-P5 and absorbed protein were removed by a magnet,
and the supernatant was analyzed by UV-vis spectroscopy. By
measuring the absorbance at 405 nm, the absorption intensities
before and after separation were 0.752 and 0.607, respectively.
Therefore, approximately 19.3% of Hb-G was captured (Fig. 3a).
For visualizing the capture process, excess MNP-P5 was added
into an orange solution of Hb-G and then separated by a magnet.
The color of the solution changed to pale yellow, indicating that
the concentration of Hb-G obviously decreased (Fig. 3a, insert
photograph).

With these preliminary separation results in hand, we
further investigated whether MNP-P5 could separate a target
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Fig. 3 (a) UV-vis spectra of Hb-G before (black line) and after (red line)
being incubated with MNP-P5. Insert photograph: Hb-G with (i) excess
MNP, (i) excess MNP-P5, and (iii) no additive. (b) SDS-PAGE analysis of
capturing the target protein from protein mixtures: native BSA (lane i), BSA-G
(lane i), BSA-G + IPEC-J2 cell lysate (lane iii); captured proteins recovered from
MNP-P5 incubated in native BSA + IPEC-J2 cell lysate (lane iv), or BSA-G +
IPEC-J2 cell lysate (lane v); captured proteins recovered from MNP incubated
in BSA-G + IPEC-J2 cell lysate (lane vi).
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protein from a mixture of the target protein and cell lysate
(Fig. 3b, lane iii). Bovine serum albumin (BSA) was selected as a
model protein in this step because it didn’t contain any subunit.
The target protein, imidazolium labeled BSA (BSA-G), was prepared
and confirmed by matrix-assisted laser desorption/ionization time
of flight (MALDI-TOF) mass spectroscopy (ESLi Fig. S30). After
incubation of MNP-P5 with a mixture of BSA-G and cell lysate
(intestinal porcine epithelial IPEC-J2 cells were used), the nano-
particles and captured proteins were isolated by a magnet. The
solid was washed with PBS buffer and then heated to 95 °C for
10 min to recover and denature the proteins in a protein loading
buffer. After the magnetic separation, the supernatant was sub-
sequently analyzed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, Fig. 3b). As expected, only a single
band corresponding to BSA-G was observed (Fig. 3b, lane v),
illustrating that BSA-G could be selectively captured by MNP-P5.
Compared with native BSA (Fig. 3b, lane i), the synthesized BSA-G
(Fig. 3b, lane ii) displayed a single band with a larger molecular
weight, indicating that the derivatization of BSA was successful. As
a control, other samples were also loaded on SDS-PAGE. When the
same procedure was performed on a mixture of native BSA and
IPEC-]J2 cell lysate, no proteins were captured by MNP-P5 (Fig. 3b,
lane iv). Nevertheless, when MNP was used in the procedure of
capturing BSA-G from IPEC-J2 cell lysate, a small amount of BSA-G
was observed in the recovered solution (Fig. 3b, lane vi). A possible
reason was that the negatively charged MNP (containing hydroxyl
groups on the surface) slightly attracted the positively charged
BSA-G (containing the imidazolium cation) via electrostatic
interactions, and thus a small amount of BSA-G could be
captured.”® The results of SDS-PAGE clearly verified that MNP-P5
had the ability to capture the target protein from protein mixtures
by means of host-guest recognition.

Separation and enrichment of cell membrane proteins by
MNP-P5

Encouraged by the separation of BSA-G from cell lysate, we
further used our MSPE strategy to enrich the total plasma
membrane proteins. To label the membrane proteins, we
treated adherent monolayers of IPEC-]J2 cells with a labeling
agent (containing G, NHS and EDC). As a control, we used G’ to
replace G in order to confirm that G didn’t destroy cell
structures because its polar polyglycol group rendered the
membrane impermeant.® As expected, after treatment with G
for 30 minutes, the morphologies of the IPEC-J2 cells didn’t
change (ESLt Fig. S32c). However, treatment with G’ rapidly
caused an obvious morphological change of the cells, suggesting
potential cell death as a result of the surfactant capability of G’
(ESL* Fig. S32b). Therefore, the labeling of G on the extracellular
proteins didn’t jeopardize the survival of the cells in such a short
time. After the labeled cells were lysed in RIPA bulffer, the lysate
was incubated with MNP-P5 followed by magnetic separation.
After the captured proteins were recovered and denatured at
95 °C, we used SDS-PAGE to analyze the proteins. As shown in
Fig. 4a, the composition and the molecular weights of these
proteins of the lysate of imidazolium labeled cells (Fig. 4a,
lane ii) were similar to those of the native cell lysate (without tags,
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Fig. 4 (a) SDS-PAGE analysis of capturing cell membrane proteins from
the lysate of imidazolium labeled IPEC-J2 cells: native IPEC-J2 cell lysate
(lane i), the lysate of the imidazolium labeled IPEC-J2 cells (lane ii),
captured proteins recovered from MNP-P5 (lane iii) or MNP (lane iv)
incubated in the lysate of imidazolium labeled IPEC-J2 cells. (b) Western
blotting analysis of subcellular marker proteins: total proteins of the IPEC-
J2 cells (lane i), the imidazolium labeled IPEC-J2 cells (lane ii), captured
proteins recovered from MNP-P5 (lane iii) or MNP (lane iv) incubated in the
lysate of the imidazolium labeled IPEC-J2 cells.

Fig. 4a, lane i). The bands of proteins captured by MNP-P5
(Fig. 4a, lane iii) were shown at the same positions as those of
the lysate of imidazolium labeled IPEC-]J2 cells (Fig. 4a, lane ii).
Compared with lane ii, several bands were observed at lower
intensities in lane iii. Moreover, nearly no protein bands (Fig. 4a,
lane iv) were observed when we used MNP instead of MNP-P5 to
extract the lysate of the imidazolium labeled cells. Therefore,
WP5-P on the surfaces of MNP was the hinge for selective protein
separation. To investigate the captured proteins, western blotting
experiments were carried out. Antibodies against several crucial
membrane proteins including the epidermal growth factor receptor
(EGFR, relevant to diseases and tumors), caveolin-1 (involving in
receptor-independent endocytosis) and the insulin receptor (INSR,
regulating glucose homeostasis) were used in western blotting.
Moreover, to estimate the efficiency and selectivity of our
MSPE strategy, for comparison, antibodies against nuclear
protein (histone H3) and cytoplasmic protein (adenosine
5’-monophosphate-activated protein kinase, AMPK) were used
to examine whether the intracellular proteins were captured by
MNP-P5. As shown in Fig. 4b, after being extracted by MNP-P5
(Fig. 4b, lane iii), all of the membrane proteins (EGFR, caveolin-1
and INSR) remained in the mixture whereas the intracellular
proteins (histone H3 and AMPK) were nearly eliminated. Notably,
EGFR was remarkably enriched in the MSPE procedure compared
with caveolin-1 and INSR in the final solution, and yet AMPK
couldn’t be fairly removed because it could be localized to cell
membranes via a lipid anchored modification.>” As a control,
bare MNP was used in the same procedure, and neither
membrane proteins nor intracellular proteins were found
(Fig. 4b, lane iv), indicating that the host-guest chemistry was
indispensable in the MSPE strategy.

Conclusion

In this work, we have successfully applied pillararene-based
host-guest chemistry to develop a new MSPE strategy to separate
and enrich cell membrane proteins. Comparisons between this
study and previously reported methods are listed in Section S13

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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in the ESL{ We initially studied the strong interactions between
WP5-P and the imidazolium guest G1. By coating WP5-P on the
surfaces of MNP, MNP-P5 exhibited both magnetic responsiveness
and guest affinity and they could be used to remove a fluorescent
coumarin derivative and guest-labeled hemoglobin from aqueous
media by means of an external magnetic field. Additionally, the
imidazolium guest labeled BSA-G was efficiently separated from a
protein mixture. Moreover, this MSPE strategy was successfully
applied in the enrichment of membrane proteins. The pillararene-
based MSPE strategy established here has advantages of simple
synthesis, fast separation and good performance, and offers us a
new perspective to design magnetic field-responsive materials,
benefiting the development of both supramolecular chemistry
and biochemistry.

Experimental

Materials preparation

WP5-P,** G2?'” and per-(2-bromoethyl)pillar[5]Jarene (DBEP5)*'
were synthesized according to the published methods. The detailed
synthetic routes of G and G’ are described in the ESLt The water
used in this manuscript was Milli Q water. All reagents including
native model proteins were commercially available and used as
supplied without further purification.

Preparation of MNP-P5

Bare MNP was prepared by a co-precipitation method of ferrous
and ferric salts in alkaline medium.?* 0.200 g of ferric sulfate
heptahydrate and 0.349 g of ferric chloride hexahydrate were
dissolved in 10.0 mL of water, and 2.50 mL of 25% NH; (aq.)
was added under vigorous stirring. After the black precipitate
formed, MNP was separated by a NdFeB magnet and washed
with water several times. The MNP was re-dispersed in water by
sonication, and 0.200 g of WP5-P was added into the suspen-
sion. The mixture was stirred overnight. MNP-P5 was separated
by a magnet and washed with water. Finally MNP-P5 was
suspended in 3.00 mL of water and stored in liquid nitrogen.
The concentration of the MNP-P5 suspension was estimated to
be 7.88 mg mL ™" by drying 1.00 mL of the suspension under
vacuum.

Preparation of imidazolium labeled proteins (BSA-G and Hb-G)

The preparation of BSA-G is provided as an example. A solution
of G (2.50 mg, 6.67 pmol), EDC-HCI (1.50 mg, 7.92 pmol) and
NHS (1.00 mg, 8.77 pmol) was stirred in 20.0 pL of dry DMF for
2 hours in an ice bath. Then 5.00 mg of BSA in 2.00 mL of
phosphate buffered saline (PBS, pH = 7.40) was added. The
mixture was stirred for 2 hours in an ice bath. By centrifugal
filtration (with a molecular weight cut-off of 10.0 kDa), excess
reagents were removed. The residue (BSA-G) was dissolved in
5.00 mL of PBS buffer for further analysis and the concen-
tration of total proteins was determined to be 3.66 ug mL ™" (see
the ESI,¥ Section S11). The molecular weight of BSA-G was
determined to be 70.7 kDa, which was larger than that of BSA
(66.4 kDa).
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Separation of cell membrane proteins from a cell lysate

A solution containing G (3.75 mg, 10.0 pmol), EDC-HCI (0.328 mg,
2.00 pmol) and NHS (0.230 mg, 2.00 pmol) was stirred in 50.0 pL of
water for 2 hours in an ice bath in order to activate G. The resulting
solution was added into 4.50 mL of PBS buffer and then rapidly
added into adherent monolayers of PBS washed IPEC-J2 cells. The
cells were incubated for 30 minutes. After being washed with PBS
buffer three times, the cells were harvested by scraping and then
lysed in 200 pL of RIPA buffer (10.0 pL of the lysate was used in
SDS-PAGE, Fig. 4a, lane ii; 40.0 pL of the lysate was used in western
blotting analysis, Fig. 4b, lane ii). The insoluble precipitate was
discarded by centrifuging. The lysate containing intracellular pro-
teins and G-labeled membrane proteins was incubated with 800 puL
of a MNP-P5 suspension (7.88 mg mL ") and 200 uL of 2x PBS
buffer for 1 hour in an ice bath. After washing, the captured
proteins were recovered by heating MNP-P5 at 95 °C in 40.0 pL of
protein loading buffer. After magnetic separation, the supernatants
were used in SDS-PAGE (10 pL for each, Fig. 4a, lane iii) and
western blotting analysis (40 pL for each time, Fig. 4b, lane iii),
respectively.
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